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PHOTOCONDUCTIVITY IN PERSPECTIVE 


A. ROSE 


R.C.A. Laboratories, Radio Corporation of America, Princeton, N.J. 


WHILE photoconductivity dates back almost a 
hundred years, it is only in the last decade that a 
simple phenomenological framework has been 
developed and utilized successfully to characterize 
the properties of photoconductors. The develop- 
ments of the last decade have, in fact, been success- 
ful enough to shift some of the effort from a direct 
study of photoconductivity to the use of photo- 
conductivity as a tool for the analysis of the defect 
structure of solids. It has been successful enough 
also to open the way for more refined considera- 
tions of the photoconductive process itself. These 
ideas can be made more definite by reviewing the 
state of the art. To do so, I am choosing to resolve 
the field of photoconductivity along five major 
dimensions: optical excitation, recombination, 
contact phenomena, transport properties and noise. 


Optical excitation 

The density of photo-excited carriers is given 
by the product of a rate of excitation and a life- 
time. The lifetime will be discussed under the 
heading of recombination. The rate of excitation 
is given in its simplest form by the rate of incidence 
of photons. This is not only the simplest concept, 
it is also the one most commonly observed. When 
strongly absorbed light (hv > band gap) is incident 
on a solid, it is a safe approximation to regard each 
incident photon as creating a free electron and 
a free hole. If the photon energy is many times 
larger than that of the band gap, as in the use of 
X-rays, there is good evidence that a single photon 
gives rise to many free pairs, in particular a 
number equal to the photon energy divided by an 
energy several times that of the forbidden gap. 

At the other extreme, if the photon energy is 
appreciably less than the band-gap energy a 
variety of possibilities may occur: absorption by 
electrons from one bound state to another without 
the production of free carriers; absorption by 
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bound electrons to free electrons; 
absorption by bound holes to produce free holes; 
and, of course, absorption by free carriers to pro- 
duce “‘hot’’ carriers. Very often, but not always, 
the dominant mode of absorption can be identified 
from independent knowledge of the solid such as 
the density of impurity states, conductivity, and 
location of the Fermi level. I need only mention 
that there has been frequent evidence of the 
simultaneous excitation of free electrons and holes 
from bound states giving rise to simultaneous 
excitation and quenching effects and to excitation 
across the forbidden gap with less than band-gap 
energy. 

The most outstanding gap in our knowledge is 
the computation of optical absorption cross- 
sections of defect states from first principles. Such 
computations must await a satisfactory theory for 
electronic wave functions in deep-lying defect 
states. Empirical values for these cross-sections 
have been observed to be in the neighborhood of 


produce 


atomic dimensions. 

For photon energies just below the band-gap 
energy, absorption by excitons is highly probable. 
About this we will hear more during the Con- 
ference. The same is true for the shape and origin 
of the fundamental absorption edge. Absorption 
by excitons can still give rise, in negligibly short 
times, to free pairs by thermal dissociation. At 
lower temperatures (or higher exciton binding 
energy) the significant parameters characterizing 
the life of an exciton are still under study both 
experimentally and analytically. A number of 
Russian publications, for example, have argued 
that optical excitation of CdS via excitons leads to 
non-linear current versus light curves. 

Recent work showing quantum 
effects of millimeter radiation is_ particularly 
significant in bridging the gap between clearly 
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Recombination 

The most prolific source of variety amongst 
photoconductors stems from the array of recom- 
bination processes that go to determine the life- 
time of a free carrier as well as the response time 
of the photoconductor. The literature is well 
studded with analyses valid for many of the special 
cases encountered in practice. There have been, 
as well, a number of reasonably generalized 
analyses of recombination. I do not know of any 
significant differences amongst the conclusions of 
these several analyses nor of any significant out- 
standing puzzles. The choice of analysis is largely 
a matter of taste. I will confine myself here to a 
few general remarks. 

First, the great variety of effects is in large part a 
reflection of the extreme sensitivity of recombina- 
tion rates to minute concentrations of defect states. 
Almost without exception, the dominant mode of 
recombination is via radiationless transitions into 
localized defect states. (There is evidence that 
under some conditions InSb and GaAs are notable 
exceptions.) The densities of these states need 
only exceed the free-carrier density (often as low as 
10®/cm?) to have significant effects like removing the 
degeneracy between electron and hole lifetime, or 
the degeneracy between lifetime and response time. 

The decoupling of life time from response time 
has clarified a large area of research with insulating 
photoconductors in which the two time constants 
showed no obvious relation. Since the life time 
depends on recombination states and the response 
time on trapping states, there is meaning to making 
a clear conceptual separation between the two 
categories such as has been done by the definition 
of demarcation levels. Experimentally, the inter- 
pretation of response times in terms of trapping- 
state densities has frequently yielded trap densities 
ranging from 10!7/cm® within a few tenths of a 
volt from the band edge to about 10!4/cm# at about 
a volt removed from the band edge. In powders, 
evaporated layers, and polycrystalline samples, the 
distribution in energy is, as might be expected, 
a reasonably smooth continuum. In single crystals, 
high concentrations of states are more likely to be 
observed at discrete energy levels. However, even 
here the photoconductive response data are 
sufficiently incisive to reveal a low continuous 
background density of states in the presence of a 
few highly peaked densities. 
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A number of once puzzling phenomena such as 
supralinearity, sublinearity, quenching by infra- 
red or by heat, sensitization and negative photo- 
conductivity are now readily understandable in 
terms of the phenomenological analyses of re- 
combination involving two or more types of re- 
combination centers. Further, the identification of 
three broad ranges of capture cross-sections: 
capture by attractive Coulomb centers 
(~ 10-12/cm?), capture by neutral centers 
(~ 10-15/cm?), and capture by repulsive Coulomb 
centers (~ 10-?9/cm?) has readily accounted for 
the enormous range of photosensitivities. 

What is still missing in the understanding of 
recombination is the chemical identification of 
trapping and recombination states in the higher 
band-gap materials. Also missing is a detailed 
description of the capture processes. This is par- 
ticularly true for the deeper-lying states. 


Contact phenomena 

Much of the early work on photoconductors of 
the diamond and alkali halide type was done with 
blocking contacts—that is, contacts that supplied 
a negligible flow of carriers to the volume of the 
sample. These materials acted like simple vacuum 
photo-cells in that a single photon gave rise at 
most to a single electron charge in the measuring 
circuit. 

The recent work with sensitive photoconductors 
has, on the other hand, emphasized the need for 
ohmic contacts, that is, contacts that can supply 
more carriers to the sample than are needed to 
support the volume currents. The concept is that 
of a reservoir of carriers at the contact continuously 
trying to enter the volume of the sample, and, for 
the most part, continuously rejected. Such con- 
tacts are needed to observe Ohm’s law currents 
and are needed also to permit many electrons to 
pass through the photoconductor for each ab- 
sorbed photon, and hence to observe high photo- 
conductive gain. 

Once having ohmic contacts and the attendant 
concept of a reservoir of carriers, one naturally 
inquires what keeps the reservoir from injecting 
a significant excess of carriers into the volume of 
the photoconductor. The answer or answers are 
not at all obvious. In fact, it zs true that the 
reservoir does inject a significant density of excess 
carriers into the photoconductor only at a voltage 
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sufficiently high that the density of space-charge- 
injected carriers exceeds the density of the volume- 
excited carriers already present. The analysis of 
the interplay of these ohmic and space-charge- 
limited currents has led to two far reaching con- 
clusions. On the technological side, a simple 
expression for the maximum gain—bandwidth 
product achievable with any photoconductor was 
developed: Gain x bandwidth = M x (dielectric 
relaxation time)~!. 

A key factor (M) in this expression is the ratio of 
recombination states to trapping states in the 
neighborhood of the steady-state Fermi level. For 
this reason, the expression becomes a useful tool 
for the determination of the densities and character 
of states as a function of energy depth from the 
band edge. Finally, the expression depends upon 
a clear distinction between life time and response 
time, trapping centers and recombination centers, 
ohmic and space-charge-limited current flow, and 
thermal equilibrium and steady-state Fermi levels. 
In this sense, the expression helps to clarify and 
to anchor the significance of these several concepts. 

The state of the art is characterized here, again, 
by a firm grasp of the phenomenological role of 
contacts but only a loose understanding of the 
physics and chemistry that takes place when two 
dissimilar materials are joined. We know that high 
work function materials usually make blocking 
contacts to m-type photoconductors and low work 
function materials usually make ohmic contact. 
This is not always the case and certainly we have 
no confidence in deriving quantitatively the con- 
tact properties from the work functions of the two 
materials. As long as the separate work functions 
are determined in part by surface dipole layers 
that can change on contact, we cannot expect a 
close correlation between work functions and con- 
tact properties. 

There is further reason to expect hazardous re- 
sults from the contact of two dissimilar materials. 
We know, for example, that chlorine incorporated 
substitutionally in CdS is an excellent donor. Yet, 
if chlorine could be incorporated interstitially it 
should be an acceptor close to, or inside of, the 
valence band. Indium incorporated substitutionally 
in germanium is an acceptor. Yet, from the relative 
work functions of indium and germanium, indium 
should tend to make good ohmic contact to n-type 
germanium. In both these examples, and similar 
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ones that could be cited, the electrical character 
of an impurity depends strongly on its immediate 
surround. It would seem that when a foreign atom 
is brought to the surface of a material, there would 
be a high degree of ambiguity between its sub- 
stitutional and interstitial character. In fact, one 
would expect that there would be a continuous 
gamut of sites depending on the local atomic 
geometry of the surface. 

Finally, the knowledge of surface states on high 
band-gap materials is all but absent. We need to 
know their density, their distribution in energy, 
their chemical character and their rate of fall-off 
as one penetrates the surface. 


Transport 

The low-field behavior of photocurrents in 
solids is reasonable well understood. To a good 
approximation, photo-carriers can be treated as if 
they were thermally generated carriers subject to 
the same types of scattering by the lattice, by 
charged and neutral impurities, and by the opposite 
sign of carrier. 

What is very poorly understood is the high-field 
behavior of carriers. Here I am thinking par- 
ticularly of the criterion for breakdown by impact 
ionization and the dependence of mobility on 
electric field in the pre-breakdown region. It is a 
strange inversion of reasonable expectations to 
find what little understanding of impact ionization 
there exists coming from very high band-gap ionic 
solids on the one hand and very low band-gap 
semi-conductors on the other hand. The inter- 
mediate range of band gaps covering some 2-4 
volts and including such well-known materials as 
CdS, ZnS, ZnO, CdSe and other metal sulphides 
and oxides, have been all but ignored as materials 
for exploring the quantitative aspects of impact 
ionization. It is a strange inversion because these 
materials are clearly better suited to experiment 
than the semi-conductors or ionic solids. They are 
insulators at room temperature, their carrier 
densities can be reversibly varied by photoexcita- 
tion, the art of making ohmic or blocking contacts 
is reasonably well developed and some of them 
have a built-in monitor for detection of minute 
fractions of high energy carriers in the form of 
electroluminescence. Part of the experimental 
problem stems from the difficulty of distinguishing 
impact ionization currents from space-charge- 
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limited currents, double-injection currents and 
field emission currents. 

On the analytic side, in spite of the many dis- 
cussions of high-field behavior, we still do not 
know the all-important mean-free-paths for 
energy loss by energetic carriers, nor do we know 
the form of the momentum and energy distri- 
bution of carriers near breakdown field strengths. 
Admittedly, these are difficult problems. 


Noise 


A proportionately small fraction of the workers 
in the field of photoconductivity have concerned 
themselves with noise analyses and measurements. 
This is perhaps unfortunate since noise measure- 
ment can be a subtle monitor of internal electronic 
processes. The attainment of simple-shot noise 


currents in a photoconductor, for example, is one 
of the most sensitive tests for an ohmic contact. 

It would be helpful, it seems to me, in spreading 
the popularity of noise, if the analysts would lean 
over backwards to make their concepts and con- 
clusions understandable to the many experi- 
mentalists to whom the mathematical language of 
noise analysis is not familiar. 

One of the simplest questions to ask is whether 
a photoconductor is a substantially noiseless 
transducer of photon currents into photocurrents. 
A vacuum photomultiplier, for example, is such a 
substantially noiseless transducer. This means 
that the ratio of average current to root-mean- 
square fluctuation in current (the signal to noise 
ratio) at the output is closely equal to the same 
ratio applied to the fraction of incident photons 
giving rise to photoemission. The same statement 
can be made for photoconductors. The departure 
from a noiseless transducer should not exceed a 
factor of two providing noiseless (that is, ohmic) 
contacts are used and the photoconductor is homo- 
geneous. If the response time of the photocon- 
ductor is equal to the lifetime of free carriers, the 
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signal to noise ratio of the photocurrent repro- 
duces that of the photon current up to a frequency 
given by f = (27xlifetime)!. If, on the other 
hand, the presence of shallow traps causes the 
response time of the photoconductor to exceed the 
lifetime of a free carrier, the upper frequency limit 
is reduced to f = (27 x response time)~. It is as if 
a low-pass filter had been inserted in the system. 
The low frequency part of the noise spectrum is 
substantially unaffected by the introduction of 
traps. The high frequency tail of the spectrum, 
that is, beyond the frequency set by the response 
time of the photoconductor, now contains com- 
ponents reflecting the thermal exchange of carriers 
between conduction band and traps. Unfortun- 
ately, these high frequency components are not a 
particularly sensitive measure of either the energy 
depth or the density of traps. They reflect only the 
time required for an electron to be captured into 
a set of trapping states, and thereby are a measure 
of the product of the trap density and their capture 
cross-section. A series of measurements over a 
range of locations of the steady-state Fermi level 
can show evidence of the Fermi level sweeping 
through a high local density of traps. 

Evidence that trapping has only a small effect 
on noise comes for example from the photocon- 
ductive television camera tube known as the 
Vidicon. Here the ratio of trapped to free carriers 
is of the order of 108. Yet the signal to noise in the 
transmitted picture is close to that to be expected 
from the stream of photons incident on the tube. 

The outstanding problems I have cited in this 
brief review appear not to be peculiar to photo- 
conductivity. They concern the intimate physics 
and chemistry of defect states and of the contacts 
between dissimilar materials; they concern also 
the high-field behavior of carriers and the trans- 
port properties of excitons. These are problems 
whose solutions will be derived not from photo- 
conductivity alone but from many fields of study. 
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KINETICS OF IMPURITY PHOTOCONDUCTIVITY 


S. M. RYVKIN 


Ioffe Physico-Technical Institute, Academy of Sciences of the USSR, Leningrad, USSR 


IN RECENT years, problems associated with 
impurity photoconductivity have acquired an 
increasing interest because of the possibility of 
applying this phenomenon for the investigation 
of local electronic states in the forbidden band of 
semiconductors, and particularly of their inter- 
action with the exciting radiation. The investiga- 
tion of the properties of local levels is also of im- 
portance for the elucidation of the mechanism 
of intrinsic photoconductivity, since the centers 
yielding carriers of the extrinsic photoconductivity, 
when excited in the extrinsic region, will act as 
trapping centers responsible for the recombination 
of non-equilibrium carriers in the intrinsic 
excitation region. Besides, the quantities character- 
izing the properties of these local centers, in 
particular the cross-sections for the trapping of 
free carriers in the centers, are essentially the 
same for the two cases of extrinsic and intrinsic 
excitation. Below are presented the results of 
the investigation of the impurity photoconductivity 
kinetics and of the impurity photoelectromagnetic 
effect carried out recently at our Laboratory. 


1. KINETICS OF IMPURITY PHOTOCON- 

DUCTIVITY FOR THE CASE OF CARRIER 

EXCITATION FOR LOCAL LEVELS OF ONE 
TYPE) 

Consider a semiconductor having local levels 
of one type only with density M in the forbidden 
band. Let the concentration of electrons on these 
levels be mo in the dark. Suppose, further, that 
the M-levels are located in the upper half of the 
band and hence are connected with the conduction 
band mainly through thermal transitions.* Now 
illuminating such a semiconductor with mono- 





* The dark concentration in the conduction band 
may be determined not only by the thermal transitions 
between the M-levels and the C-band, but also, for 
example, by the presence of donors which are com- 
pletely ionized in the temperature region discussed and 


chromatic light of a wavelength providing only for 
the transition of electrons from the local M-levels 
to the conduction band will result in the generation 
of unipolar extrinsic photoconductivity.; The 
diagram of electronic transitions in this case will 
be as shown in Fig. 1, where transition I corre- 
sponds to radiation-induced generation of carriers 


case of local levels located in the lower half of the 
forbidden band may be treated in a similar way. 

t It should be stressed that the extrinsic excitation 
may also result in bipolar non-equilibrium conduction 
because of: 

(a) additional thermal ejection from the band into a 
level providing optical transitions into another band and 

(b) double optical transitions. 

The criteria of unipolarity for these two cases may be 
derived from the obvious condition An/Ap > 1. 

If additional thermal ejection takes place, the uni- 
polarity condition acquires the following form: 


(1.2) 


Thus, the following requirements should be met to 
obtain unipolar conduction. 

(1) The levels should lie as far away as possible from 
the band thermal transitions from which result bipolar 
conduction (i.e. Py should be small). 

(2) The occupancy of the levels should be as high as 


m* MPyy > 1. 


possible (i.e. mo/M # 1). 
It may be shown that in the case of double optical 
unipolarity at low 


excitation the actual degree of 


excitation levels will be determined by the condition: 


4 m2 
ite. (1.3) 


gzyv2{ M— mo)? 


where qi and q2 are the photon capture cross-sections for 
optical transitions I and II, respectively, and yi and ye 
are the recombination coefficients for the corresponding 
backward transitions. 
Thus, in this particular case, the condition of uni- 
polarity will be: 
quy2m* 


—_— — > (1.4) 
gzy1(M— mo)" 
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from the M-levels, transition II accounts for 


recombination, and transition III represents 


thermal ejection into the conduction band. 








- band 


Fic. 1. Diagram of transitions. 


The kinetic equation corresponding to the dia- 
gram of transitions of Fig. 1 may be written as 
follows: 


dn 
- = map ] yn(M— m)+ ymN ( 'M: 
at 


(1.1) 


qg—cross-section for photon capture by electron 
at M-level; 

m = my—Am 
level; 

B—quantum efficiency assumed below to be 


electron concentration at M- 


unity; 
J—iight intensity; 
y—recombination coefficient; 
n = mo+An concentration in 
duction band; 
ngo—dark concentration 
duction band; 
Nom = Ne exp(— AE kT) 


of states in C-band reduced to level of M- 


electron con- 


of electrons in con- 


effective density 


centers 2); 
Nce—density of states in conduction band; 
AEy—distance of impurity level from bottom 
of conduction band; 
Am, An—changes of electron concentration at 
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M-levels and C-band, 


illumination with light intensity of J. 


respectively, on 


Equation (1.1) should be supplemented. with 
the condition of neutrality, which in the case 
considered takes the following form: 


An = Am. (1.5) 


Using the condition of neutrality (1.5), ex- 
pression (1.1) may be written down as follows: 


dAn/dt = (mo—An)q] —yAn(Ncoy+M 


—mo+no+ An). (1.6) 


Equation (1.6) shows that the intensity of 
generation decreases in time with the increasing 
non-equilibrium concentration as the local centers 
become exhausted. This is a distinctive feature of 
the extrinsic photoconductivity as compared with 
the intrinsic photoconduction for which the 
probability of generation does not change at 
illumination intensities realizable in practice. 

Let us write equation (1.6) in the following 
form* 

dAn An 


—— = mq] - —— 
dt Tmom 


(1.7) 


where 
Tmom > [y(M— my+Nowt+not+ An)+qJ]]“ (1 8) 


may be regarded as the momentary relaxation 
time. '2); 

The values of equilibrium concentrations mo 
and mp in (1.8) are related to one another by 
my = M/(Ncm/no+1), and hence tmom may be 
also written as: 


Tmom 


MNemu ] -1 


= ly (no + Nem)( See eee 


+An|+q/] 
(no + Nem)? J 


(1.9) 


* The corresponding expressions for decay on removal 
of illumination may be obtained from (1.7) and (1.8) 
by setting J = 0. 

+ It should be noted that in contrast to the case of 
intrinsic excitation where tmom corresponds to the life- 
time of non-equilibrium carriers and is determined by 
recombination processes, in the case of extrinsic excita- 
tion this quantity depends also upon the processes of 
generation (term q/). 
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The momentary relaxation time depends in a 
complicated way upon light intensity and time 
through terms yAn and q/J. It should be stressed, 
however, that the difference between the re- 
ciprocals of tmom for the cases of rise and decay, 
taken at equal concentrations An, will always be 
qJ. Thus the rise of the extrinsic photoconductivity 
will always take place faster than its decay, and 
this symmetry will be the more pronounced the 
higher the light intensity.* 

In the case of the excitation of a semiconductor 
by rectangular light pulses, the solutions of 
equation (1.6) for rise (Any) upon illumination 
and decay (Ang) on removal of light will be:+ 


An, = Ath(yAt+ B)—C, (1.10) 
where 


A= B = $1n(1+2C/Ang); 


/(2+mqJ/y); 
C = 4Nem+M—m+0+ ¢/]/y); 
and 


Ang exp (—t/7a) 
Ana = 








toe 


(1.11) 


1+ yAnstr [1 — exp(— t/ra)] 


where 
T4 = [y(Nem + M—m+ mo) |-} ‘ 


The steady-state concentration of non-equili- 
brium carriers is 


Angst = 4(Nom+M+no—mo+ q] /y) 


{ / 4moq J | 
x | 1+ 
W(Nem + M—mo+0+¢/J/y)? 





(1.12) 


Consider the dependence of the steady-state 
concentration on light intensity. Taking into 

* Asymmetry in the nonlinear case is observed also 
in intrinsic photoconduction. However, in impurity 
photoconductivity it is determined by kinetics of 
excitation rather than by recombination. 

ft It should be noted that the magnitude of the 
extrinsic photoconductivity Ao may in our case be 
directly related to the concentration of non-equilibrium 
carriers as Ao = eye An where e and pe are the charge and 
mobility of an electron, respectively. Therefore we will 
use in our treatment below the concentration of non- 
equilibrium carriers An. 


account that both at low and high light intensities 


4moq ] < 1 
—_—— <l, 
y(Nem+M—mo+n0+¢//y)? 





we obtain that at low intensities: 


moq J 


Angst ae SHS 


eee in? ae 
y(Nem + M—mo+ no) 


whereas at high light intensities 


Angst ~ mo. (1.14) 

Thus, the photocurrent versus light curve of the 
extrinsic photoconduction at low light levels will 
be linear, achieving saturation at high light levels. 
The latter may be readily explained by the fact 
that at sufficiently high light intensities practically 
all electrons can be excited by light into the C-band 
from the impurity centers. Such a saturation of the 
photocurrent versus light characteristic caused by 
exhaustion of the impurity centers represents also 
a distinctive feature of the extrinsic photocon- 
ductivity as compared with the intrinsic effect, 
where it does not appear at excitation intensities 
normally in use. 

By way of an illustration, Fig. 2 shows calculated 
photocurrent versus light curves characterizing 
extrinsic photoconduction, which are plotted on a 








(gl, arbitrary units 
Fic. 2. Dependence of steady-state concentration on 
light intensity. A. T= 77°K A T = 190°K. 
Curves in Figs. 2, 3, and 4 drawn for A\Ey = 0:2 eV; 
M = 10% cm-3; g/y = 5 x10-4sec/em; M—mo = no. 
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log-log scale and drawn for a particular case for 


two temperatures. 

In view of the evident complexity of the above 
formulae depicting the relaxation of the extrinsic 
photoconductivity in a general case, it may be 


expedient to consider some particular cases 

revealing the peculiarities of the impurity photo- 

conductivity kinetics. 
Equation (1.6) may be 


solutions will be exponentials if 


linearized, and its 


Nem+M-—mo+m > An, (1.15) 


corresponding to a constant tmom [(cf. (1.7) and 
(1.8)]. 

Condition (1.15) is met in the following two 
particular cases. 

(1) Low excitation level: n > An, corresponding 
to low light intensities /. 
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r= [y(Nem+ M+ no)+Jq]- (1.18) 


ta = [y(Nem+M+)]-! (1.19) 

As seen from formulae (1.16) through (1.19), 
the time constant for rise 7, is always smaller than 
the decay time constant 7g, resulting in an asym- 
metry of the relaxation curves which becomes 
particularly pronounced at high light levels. In 
the case of low illumination, where the condition 
vNem+M—mo+n)>qJ is met, the time 
constants for rise and decay do not differ 
appreciably. 

The above mentioned peculiarities of the kinetics 
of the impurity photoconductivity are clearly 
revealed in Fig. 3 showing relaxation curves for 
the cases of high and low light levels. 

Relations (1.16) and (1.17), or (1.18) and (1.19), 
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nit< 


Photoconductivity relaxation curves for the case of excitation by 


rectangular light pulses. 


T = 77°K. 


(2) Low occupancy of the local centers: 
M > mp > An. In this case, condition (1.15) 
will be satisfied at any light intensities. 

Under these circumstances the expressions for 
tr and vq derived for the cases of low excitation 
levels and low occupancies of the local centers, 
respectively, will be as follows: 


Tr = [y(Ne M+ M-— mo + No) + qJ\- (1.16) 


= [y(Nem+M—mo+n)|- (1.17) 


JoUa = 150. 


derived above permit one to determine certain 
parameters of the impurity centers; in particular, 
the cross-section for photon capture by an electron 
on an impurity center g, and the recombination 
constant y. 

Indeed, by determining the decay time constant 
and knowing the quantities m9, M—tmpo and Nem, 
we obtain y from formula (1.17) or (1.19). On the 
other hand, the difference between the reciprocals 
of the rise and decay time constants is related with 
light intensity through a simple formula: 
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(1.20) 


Hence the dependence of this difference upon 
light intensity will represent a straight line with a 
slope determining g. As mentioned above, in the 
general case the difference between the reciprocals 
of tmom for rise and decay taken at the same con- 
centration An will always be qJ. This is illustrated 
by the curves in Fig. 4, where are graphically 








3. arbitrary units 


Fic. 4. Dependence of relaxation time constants on 
light intensity (Am = /\nst). 
T=77°K. A1/7a. A 1/77). 
2 = 1/tr— 1/Ta 


shown the calculated relationships between the 
reciprocals of the momentary relaxation times for 
rise and decay and light intensity, as well as the 
dependence of the difference between 
quantities upon light intensity representing a 
straight line from the slope of which g may be 


these 


found. 
By using the above feature of the difference 
between the reciprocals of tmom, one may determine 
the cross-section for photon capture by an electron 
on an impurity center for the general case. Indeed, 
the relation 
1 
nn wo gf, 


T 
mom 


(1.21) 
Vous 


there 7" ‘ d are the antarv relaxati 
Ww here Tmom and 7) om are the momentary relaxation 
times for rise and decay, respectively, will always 


hold for equal An on the curve of rise and decay. 
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On the other hand, using relationships 


An 
mog | —dAn/dt 


r 
mom 


An 
dAn dt 


” 
‘mom — 


for equal An yields: 


“mom “mom 


| dAn 


—|moq ] —(|——} 4 
An . at fs, 


dAn 


dt d 


Taking into account that moqJ = (dAn/dt)°* 
represents essentially the original slope of the 
rise curve, we obtain finally: 


1 dAn\°r /dAn\4™ /dAn\4" 
lS) 
JAn' Gs, as, at Ja 


(1.24) 
where An’ is the concentration of non-equilibrium 
carriers at those points on the relaxation curves for 
which the calculation is being carried out. 

Thus the problem of finding g becomes reduced 
to the determination of three slopes (Fig. 5): an 
original slope on the rise curve «; and two slopes 
a2 and «3 at the chosen concentration An’ on the 
rise and decay curves, respectively.* 

In practice it is convenient to choose An’ = Ang 
(where Angt is the steady-state concentration at a 
given light intensity) as the concentration at which 
q is to be determined. Since (dAn/dt)4"~4"" = 0 
in this case, relation (1.24) is simplified to: 


1 dAn\ or dAn\ 4s: 


Sb nian + f— (1.26) 
JAnst dt }, dt Ja 


qY 
In this case, the determination of q requires 


* It should be noted that g may be determined from 
the measurement of the photoconductive yield from 


dAn/dt \° 
Mog] } 
However in this case one should know not only the 


light intensity but the equilibrium concentration of 
electrons on the impurity center as well. 
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only knowing the original slopes of the rise and 


decay curves.* 

The above considerations have been used to 
interpret the results of the investigation of the 
impurity photoconductivity kinetics on n-type Ge 
with radiation-induced defects produced by 
y-rays from Co® and by fast electrons (2-5 MeV). ®? 
A series of parameters of the radiation-induced 
levels have been determined, including the cross- 
section for photon capture by an electron at the 
level E,-—0:2 eV, which has been found to be 
4x 10-16 cm, and the recombination coefficient y. 


2. INDUCED PHOTOSENSITIVITY. CHARGE 
EXCHANGE OF IMPURITY CENTERS 


In the foregoing Section we have considered 
the impurity photoconductivity induced by optical 
excitation of equilibrium carriers. If, however, a 
level is not filled at equilibrium, it may generate 
impurity photoconductivity only due to its filling 
by non-equilibrium carriers, produced as a result of 
a preliminary or simultaneous excitation of the 
crystal by the light of a shorter wavelength 
(causing transitions into the band from deeper- 
lying filled levels or from the filled band). 


* We have not touched here upon the question of the 
effect of the trapping centers on the relaxation of the 
impurity photoconduction, which, as may be shown, 
considerably affects the results of the determination of 
parameters from the relaxation curves. This problem 
is considered elsewhere. 


The impurity photoconductivity of such a type 
induced by continuous illumination in the intrinsic 
region (referred to hereafter as intrinsic illumina- 
tion) represents a general phenomenon possessing 
a number of peculiarities. 

The induced photoconductivity has been ob- 
served both in insulating photoconductors (CdS, 
CdSe, CdTe, Sb2Ses etc.) 4-7), and in compensated 
germanium (Ge with copper and _ radiation- 
induced defects) 

Figure 6 shows the spectral response of the 
photocurrent in CdTe at T = 77°K under different 
conditions. The curve marked by solid triangles A 











A, 


Fic. 6. Spectral response of photoconductivity in CdSe. 
/\ Without preliminary intrinsic illumination. JJ Upon 
preliminary intrinsic illumination. 
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has been obtained without preliminary illumina- 
tion and shows zero photosensitivity in the long 
wavelength region. However if the sample has been 
preliminarily illuminated with light in the intrinsic 
absorption region (after which it has been kept in 
the dark for a long time), an appreciable photo- 
conductivity is revealed beginning at ~ 4y(A- 
curve). 

Figure 7 illustrates the time dependence of the 
induced photoconductivity at A = 2 in (a) CdTe 


arbitrary units 


Photoconductivity, 
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with electrons when excited in the intrinsic region. 
Holes from the valence band are trapped by re- 
combination centers S. Light in the region 2-6u 
excites electrons from the M-levels into the con- 
duction band. The electrons in the band may later 
on either undergo recombination (i.e. become 
captured in the S-levels), or return to the M-levels. 
The relation between the probabilities for these 
two processes may be different, and in the limiting 
cases it corresponds to a single or multiple trapping 











Fic. 7. Relaxation of induced photoconductivity in (a) CdTe and (b) CdSe. 


and (b) CdSe following a preliminary intrinsic 
illumination. 

It is seen that upon illumination with long 
wavelength light the relaxation curve acquires the 
shape of a “‘burst’”’, with the current in CdSe 
dropping to zero in a comparatively short period 
of time; whereas in CdTe (and in CdS as well) 
a quasi-steady excited state persists for a long time, 
characterized by a sensitivity of the crystal in the 
long wavelength region which does not depend 
on time, to a first approximation. When in this 
state, the rise and decay of the photocurrent on 
illumination and after its removal approach an 
exponential law and take place during compara- 
tively short times (about several milliseconds). 
The observed character of the induced photo- 
conductivity in substances of the CdS group may 
be explained by considering the following band 
diagram. In the forbidden band of a crystal there 
are trapping centers with a density M which are 
empty while in the dark and which become filled 


where optical excitation plays the role of thermal 
ejection. Increasing at first, the photoconductivity 
begins to decrease as the intensity of the carrier 
generation drops, which is associated with the 
emptying of the M-levels. 

If the recombination is constant and secondary 
trapping in the M-levels is of low intensity, the 
photoconductivity drops in a comparatively short 
time [Fig. 7(b)]. If, however, the intensity of 
recombination decreases with time (due to the 
decrease of hole concentration on the centers of 
recombination), repeated trapping begins to pre- 
vail, and photoconduction may persist for quite a 
long time, with electronic transitions taking place 
practically only between the C-band and the 
M-levels (a quasi-steady excited state). Under 
these conditions all relationships valid for the 
case of one level (Section 1) may be applied to the 
relaxation of the photoconductivity. 

In Fig. 8(a) are shown the relationships between 
the time constants of rise 7, and decay tg, and the 
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Fic. 8. Experimental relationships for photoconductivity 
rise and decay time constants in (a) CdS and (b) CdTe. 


1/tr, A 1/7a.  1/7r—1/72. 


light intensity at A = 2. The same relations for 
an n-type specimen of CdTe are graphically 
presented in Fig. 8(b). 


The graphs indicate that the relationships of 


kinetics found are in a good agreement with the 
theory elaborated. The magnitudes of the cross- 
sections for photon capture in an impurity center 
have been found to be: 


CdS,E, —0°3 - 3x10-15 cm?; 
CdTe,E, —0-33 eV level: g 


CdTe,E, —0-30 eV level: 


eV level: g 
- 2x 10-) cm?; 
g = 2x 10-4 cm?, 
The knowledge of the electron concentration on 
the local level permitted calculation of the co- 
efficient of absorption in the infra-red (A = 2) 
x = gm, which for CdS specimens constitutes 
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3x10-6cm-1, a too low value to be measured 
directly by optical means. 

The investigation of the kinetics of the induced 
photoconductivity in copper-doped germanium 
has been carried out on specimens with different 
degrees of compensation. The simplest relation- 
ships have been obtained in the case of unipolar 
impurity photoconduction in specimens with 
equilibrium occupation of local levels shown in 
Fig. 9 (the spectral response of such a specimen 
is presented in the same figure). 














A, & 
Fic. 9. Spectral response of photoconductivity and the 
band diagram of level occupation in Cu-doped Ge 
specimen. 


A preliminary illumination at ~ 3y (transition 
II) resulted in a partial charge exchange of local 
centers associated with the filling of the 
E,.—0-26 eV level and production of unoccupied 
levels at E,-—0-43 eV. This has been accompanied 
by the appearance of an appreciable photo- 
sensitivity in the 4 region due to transitions I. 
The kinetics of this induced photoconductivity 
reveal a clearly pronounced ‘“‘burst’’-type character 
dropping branch. The 
corresponding relaxation curves at different 
intensities of long wavelength illumination are 
given in Fig. 10. 


with an exponential 


3. PECULIARITIES OF IMPURITY PHOTO- 
CONDUCTIVITY RELAXATION WHEN LOCAL 
LEVELS OF SEVERAL TYPES ARE PRESENT 


When local levels of more than one type are 
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present in the forbidden band, as well as in the 
case of multipli-charged centers, the relationships 
governing the impurity photoconduction become 


units 


Orbitrary 











Fic. 10. ‘“‘Bursts’’ of photoconduction in optical excita- 
tion from the Ee—0-:26eV level in Cu-doped Ge at 
different light intensities. 

\ J = 100 percent OJ J = 25 per cent 
A J = 60 per cent [J = 20 per cent. 


very complicated due to the possibility of optical 
generation simultaneously from several levels, 
and also because of the important role played by 
their mutual influence in the processes of re- 
combination and trapping of the carriers. 

The case of a large equilibrium conductivity, 
when all sufficiently deep levels responsible for 
photoconduction are completely filled, is the 
simplest for interpretation. Under these conditions, 
the photoconduction from multipli-charged centers 
(at low excitation levels) is essentially similar to 
the case of photoconduction from a single isolated 
level (Section 1); and the relationships governing 
the impurity photoconduction in the presence of 
independent levels are of the simplest form 
possible. It may be shcwn that in this case the 
levels will act independently from one another 
and the corresponding relaxation curve will be 
represented by a sum of exponentials associated 


IMPURITY PHOTOCONDUCTIVITY 


with these levels: 


mgr] 


yRNO 


An = 1— exp(—yxnot)], 


k=1 


where r is the actual number of the level types 
involved. 

Measuring the 
components of the curve permits one to determine 
the cross-sections for the capture of carriers and 
the absorption coefficient for each of the levels 
just as this has been outlined in Section 1. 

The relaxation of the impurity photoconduction 
in the case where part of the levels remain unfilled 
in the dark or filled to only a small extent proceeds 
in a considerably more complicated way. The role 
of mutual influence of the levels considered 
becomes very important. 


characteristics of individual 


4 














0 

Fic. 11. Calculated relaxation curves of impurity 

photoconductivity for the case of excitation from two 
levels. 


Illumination results in a redistribution of 
carriers between different levels in accordance 
with the magnitudes of their cross-sections for 
capture and optical ionization, that is, in a charge 
exchange of the levels as compared with equili- 
brium conditions. 

The corresponding calculations show that the 
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relaxation curves under these conditions may not 
only exhibit a monotone character, but reveal 
extrema as well—see Figs. 11(b) and (c). (Curves 
in Fig. 11 have been calculated for two levels.) 

Investigating the relaxation under such condi- 
tions permits one to obtain detailed data concerning 
the mechanism of the processes and the parameters 
of the levels responsible for photoconduction. 


4. METHOD OF LONG-WAVE PROBING OF 
LOCAL LEVELS 

Data usually obtained in the investigation of 
photoconduction kinetics may be satisfactorily 
interpreted only in the simplest cases. When levels 
of more than one type are present in the forbidden 
band, as well as in the case of “‘nonlinear’’ pro- 
cesses, solving the corresponding kinetic equations 
presents practically insurmountable difficulties, 
and selecting an adequate model becomes 
ambiguous to a considerable degree. 

Such a situation is explained in the first place by 
insufficient information which may be gained from 
the experimental investigation of the relaxation 
curves. Indeed, the results of such an investigation 
may amount only to the determination of the time 
dependence of the concentration of free carriers 
in the band [i.e. m(t) and dn/dt(t)], whereas the 
concentrations of carriers in bound states filling 
local levels in the forbidden band remain beyond 
possibility of measurement. It is obvious that if 
we succeeded in broadening experimental capa- 
bilities so as to include the concentration of not 
only free but also of bound carriers [i.e. m(t) and 
dm/dt(t)] into the number of measured quantities, 
this would drastically reduce the mathematical 
difficulties encountered through transformation 
of differential equations into algebraic ones, and 
by reducing the number of unknowns. 

Such a possibility may be provided by the so- 
called long-wave probing method‘) consisting 
essentially in the following. In order to determine 
the concentration of the carriers filling a local level, 
one may make use of the fact that the intensity of 
generation of the impurity photo-effect from this 
level, g, (determined by the original slope of the 
curve characterizing the photoconduction rise upon 
illumination) is directly proportional to the con- 
centration of carriers on this level: 


g = mq] (4.1) 
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Since the quantity g J may be readily determined 
by any of the above mentioned methods (see 
Section 1), measuring g (or the magnitude of the 
signal upon illumination with a long-wave light 
pulse having a duration much shorter than the 
rise time of the impurity photoconductivity) 
yields directly the concentration of the carriers on 
the level.* Now as the duration of the probing 





j 


(b) 
Fic. 12. Oscillograms of local level probing. (a) Probing 
of the E-—0°3 eV level in CdS during intrinsic photo- 
conductivity relaxation. (b) Probing of the same level 
during quenching of intrinsic photoconductivity. 





pulse may be taken sufficiently short, and the 
duty ratio adequately small, the illumination by 
probing pulses will not materially affect the 
processes being investigated. 

By way of illustration, Fig. 12(a) presents 
oscillograms obtained with a dual-trace oscillo- 
graph and showing the probing of the level 


* Another possibility for the measurement of the 
concentration of carriers in bound states consists in 
investigating impurity absorption of light. It is known, 
however, that the magnitude of absorption in the 
extrinsic region is rather small and depends not only on 
the concentration of bound carriers, which is of interest 
for us, but upon other rivalling absorption mechanisms 
as well. Hence this method would be of little use. 
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E,.—90-3 eV in a single crystal of CdS in the course 
of photoconductive relaxation caused by illumina- 
tion in the wavelength region near the edge of 
intrinsic absorption (A = 0-52); the lower curve 
gives the photoconductivity versus time relation- 
ship [i.e. m(t)]. Probing has been done by long-wave 
light pulses (A = 2). The envelope of the ampli- 
tudes of the pulse “‘fence’” (the upper curve) 
represents (when taken in the corresponding scale) 
the time dependence of the concentration of 
nonequilibrium carriers on this level [i.e. m(t).] 

Figure 12(b) shows an oscillogram of the 
kinetics of photoconduction quenching in CdS 
with illumination by long-wave quenching light 
(A = 0-94) and upon its removal (the upper 
curve), as well as the variation of electron con- 
centration on the E,—0-3eV level during this 
process (lower curve). The results indicate that in 
the course of quenching the levels E,—0-3 eV 
act as centers of the 1st class.) 

Figure 13 presents the dependence of the steady- 
state intrinsic photoconductivity in CdS (A) and 





Fic. 13. Dependence of steady-state concentration of 
electrons in C-band (n) and on E-—0°3 eV level (m) in 
CdS on light intensity. 


the simultaneously obtained dependence of the 
electron concentration on the E,—0-3 eV level (A) 
upon light intensity. The first one approaches a 
linear relationship, whereas the second dependence 
tends to reveal saturation. Assuming the 
E,.—0-3 eV level to be a trapping level, one may 
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deduce the concentration of the corresponding 
carriers from the curve. 

In cases where continuous illumination with 
probing pulses interferes with the process under 
investigation, one may use a single probing pulse 
shifted in phase with respect to the beginning of 
the process concerned. 

In the case of several local levels being present, 
the concentration of carriers on them is calculated 
in a more complicated way. 

For example, the concentration mz for the second 
level from the band edge may be determined by 
the formula: 

(Az) 


q2(A2) 


ni(’s) m 
ee ee 


qi(1) 


where 
m, and mp are carrier concentrations on the 
first (shallow) and second (deeper) levels, 
respectively, 

g is the original slope upon illumination at 
wavelength Ao, 

gz is the cross-section for photon capture by 
electrons on the second level, 


qi(Ai1) and qi(Ag) are the cross-sections for 
photon capture by electrons on the first level 
at wavelengths A; and Az respectively. 


5. NON-STEADY-STATE UNIPOLAR PHOTO- 
ELECTROMAGNETIC EFFECT 

In conclusion, consider the problem of diffusion 
of non-equilibrium current carriers in a magnetic 
field under unipolar extrinsic excitation. Both the 
steady-state and non-steady-state photoelectro- 
magnetic effects of Kikoin—Noskov associated, 
as is well known, with ambipolar diffusion of 
electrons and holes have been studied in detail. 
A major pre-condition for the existence of this 
effect is a simultaneous generation of electrons 
and holes by light, that is, bipolar photoconduction. 
In the case of unipolar photoconductivity (extrinsic 
excitation) this phenomenon will disappear. 

Indeed, the diffusion current of non-equilibrium 
carriers in the steady state is balanced accurately 
by the conduction current which equals the first 
both in magnitude and in what concerns the 
energy of the component charges. Thus, the flow 
of charge carriers will not deviate under the action 
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of the magnetic field, and hence there will be no 
photoelectromagnetic effect.* 

However, the photoelectromagnetic effect may 
be revealed also with extrinsic excitation, if the 
observation is carried out in the non-steady state. 
In this case, as the light is turned on, a diffusion 
current of non-equilibrium charge carriers appears, 
which is unbalanced since the charges have not 
yet displaced so as to produce an electric field. 


hy > 
H 




















Fic. 14. Diagrams for the calculation and measurement 


of the photoelectromagnetic effect. 


The unbalanced diffusion flow of non-equili- 
brium carriers will be displaced by the magnetic 
field producing the photoelectromagnetic effect. 
Upon illumination, a reversed current of space 


charge “‘resolution’’, and hence a reversed photo- 
electromagnetic e.m.f., will build up. 
It is obvious that the higher the absorption 


coefficient the higher will be the photoelectro- 


* In the case of bipolar conduction, the photoelectro- 
magnetic effect will take place under the same conditions, 
since the vanishing of the total current in the direction 
of illumination is achieved here because of equal flows 
of electrons and holes, each of which is other than zero. 
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magnetic e.m.f. However this will take place only 
as long as the reciprocal of the absorption co- 
efficient exceeds the Debye screening length. As 
soon as this relation is reversed, the dependence 
on the absorption coefficient disappears. Un- 
fortunately, the absorption coefficient of light in 
the extrinsic region is not sufficiently high, being 
as a rule considerably below the reciprocal of the 
Debye length. To avoid this difficulty, it is 
expedient to illuminate only one part of the 
specimen uniformly in volume (y > 0) leaving 
the other part (y < 0) in the dark (Fig. 14). At 
the boundary between these regions, one may 
expect a build-up of a substantial concentration 
gradient determined by the light intensity and 
screening length and not by the magnitude of the 
absorption coefficient. 

When working out a problem, one should 
select a specific model of a semiconductor, In the 
present work, the model shown in Fig. 1 has been 
accepted. 

Assuming that the specimen is illuminated at 
t = 0 by a light of constant intensity (a@ step), 
and that the inequalities d, (Ly—d) > x1 hold, 
one may obtain the following expressions for 
the photoelectromagnetic e.m.f. and the short- 
circuit current taking a low injection level and a 
weak magnetic field: 


iH 4neD 


Ly = Angt wl 3 


c ely 


1H exp( —?/7,,) — exp —t/r 
: —eDL Ans: Pt , o: - Pt tlt) 


l—-/r 


T short = 


(5.2) 


where ji, » are the Hall and ordinary mobility of 
the current carriers, 7, = €/470, o = euno, No 
the equilibrium concentration of current carriers, 
and Angst is the steady-state concentration of 
photoelectrons at t-> 00 in the neutral part of 
the illuminated region; ¢ is the time, 


T= 


[y(Nem +no+M— mo)|~ 


and x the reciprocal of the Debye length. 
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Figure 15 shows the time dependence of the 
photoelectromagnetic e.m.f. for different ¢ to 7, 
ratios. 








O 
t/r 


Fic. 15. Time dependence of the unipolar photoelectro- 
magnetic e.m.f. for different 7 to 7, ratios. 


A Tt = 2%. 


A 
iF ™ Tee 


Evaluate the absolute magnitude of the effect 
(short-circuit current) at the following possible 
values of parameters: 


Le = 1 cm; be = Ly = 0-1 cm, €e= 16; 


c 


In accordance with the above formula, the 
maximum value of the current will be (at tr = 7,): 


ne ge gain. 


anew c e€ not 4r 


If the mobility » = 10% cm?/V sec, the resistance 
of the specimen will be R = 10? Q. Thus the 
signal which may be obtained from across the load 
resistor R; providing short-circuit operating 
conditions R; © 0:3R is V = JRS.R: x 10° V, 
which may be measured. 

Experiments in this direction are being carried 
out. 
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PHOTOCONDUCTIVITY IN SEMI-INSULATING GALLIUM 
ARSENIDE 


B. R. HOLEMAN and C. HILSUM 


Services Electronics Research Laboratory, Baldock, Herts., England 


Abstract—The photoconductive (PC) and photoelectromagnetic (PEM) effects have been 
measured for a number of specimens of semi-insulating gallium arsenide (resistivity greater than 
105 Q/cm). The results enable both majority and minority carrier lifetimes to be determined and 
some values are given. In the small signal region, the lifetimes are found to be only slightly de- 
pendent on intensity of illumination, indicating an essentially linear relationship between intensity 
of illumination and photo-signal. For specimens at room temperature, the two lifetimes are of the 
same order of magnitude, which shows that trapping effects are small. A check on these measure- 
ments can be obtained in principle from a measurement of photoconductive decay time constants. 

The photoconductive spectral response shows a tail on the long wavelength side of the absorption 
edge extending to approximately 2 «. This has been ascribed to a level lying deep in the band gap 
with a threshold energy for photoconductivity of 0°63 eV. 


1. INTRODUCTION FROM 


e ° REVERSIBLE 
PREVIOUS work in this laboratory") has shown that CONSTANT 


Bs al ° ° CURRENT 
it is possible to measure the very short carrier SOURCE 
lifetimes found in semi-conducting GaAs by a 
determination of the photoconductive (PC) and datiesinasven 
photoelectromagnetic (PEM) effects at a known USED AS 
° ° e ° . . VOLTAGE 
intensity of illumination, together with a photo- pe 
conductive spectral response. This method enables * 
both majority and minority carrier lifetimes to be a 
determined, and can be used even when trapping SOURCE 
effects are large. A similar technique has now been 
applied to semi-insulating GaAs. ‘?) Changes were 
necessary in the experimental technique to accom- 
modate the high specimen resistance encountered, 
and the rapid variation of this resistance with = 
temperature. The results show that trapping Fic. 1. Circuit used for d.c. measurements. 
effects in semi-insulating GaAs are smaller than 
in semi-conducting GaAs, and that the lifetimes. ; 
lichtly d laa leas Nii: Cees impedance were not available. A d.c. method was 
are slightly dependent on the light intensity. ' : 
or 8 ’ therefore adopted which enabled the PC and PEM 
2. EXPERIMENTAL TECHNIQUES oe and the Hall voltage to be measured in 
A. Measurement of PC and PEM effects the same app aratus. he circuit Is show nin Fig. 1 
aa ee nl | Ihe electrometers* had an input impedance of 
‘or the experiments on semi-conducting samples y : 
ae or ; Peg 1018 © on the “HI” terminal, which was at least 
of GaAs, the light was modulated at 800 c/s and : : 
: . wie two orders of magnitude greater than the highest 
the PC and PEM open-circuit voltages were ; pak oh ago 
s as alc probe impedances encountered. The “LO 
measured using a tuned amplifier. This method ‘*_ ee ade ae mee 
was not suitable for semi-insulating samples, as * “Vibron’’ Electronics Instruments Ltd., Richmond, 
tuned amplifiers with sufficiently high input Surrey, England. 
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terminal was isolated from earth, which allowed 
the instrument to be used as a null detector. With 
this circuit, a probe-to-probe voltage of 1 V could 
be measured to 1 mV, giving a higher accuracy 
than a direct measure of the probe voltages. The 
Hall coefficient of the specimen was deduced from 
the voltage swing of a single probe on applying a 
reversible magnetic field. 

It has been found) that consistent measure- 
ments of Hall coefficient and mobility can be made 
only after the specimen has been heated to at 
least 100°C under high vacuum, and when this 
vacuum is maintained during subsequent measure- 
ments. This technique was used for PC, PEM 
and Ry measurements. As the resistivity of semi- 
insulating GaAs varies rapidly with temperature, 
the specimen jig was surrounded by a liquid 
jacket kept at constant temperature. Light from a 
calibrated tungsten filament lamp was restricted 
to a narrow band centred on 0 645y by a series of 
filters, and was focused on the sample through a 
glass window. Great care was taken to exclude all 
other light during measurement. 


B. Spectral response of photoconductivity 

Light from a tungsten lamp was modulated at 
800 c/s and passed through a Leiss double mono- 
chromator. The monochromatic radiation obtained 
was focused on the specimen by an optical system 
that did not alter the distribution of radiation over 
the specimen surface if the slit width of the 
spectrometer altered. The short-circuit 
current signal from the GaAs specimen was com- 
pared with the signal from a germanium detector 
of unit quantum efficiency over the relevant 
wavelength range. For both the GaAs specimen 
and the Ge detector the signal was amplified by 
an 800 c/s tuned amplifier and presented on a 
potentiometric recorder. 


was 


C. Photcconductive decay measurement 

Time constants for PC decay in GaAs can range 
from 10-’sec to at least several milliseconds, 
and therefore a versatile apparatus is required. 
Previous workers have obtained light pulses from 
high speed turbine-driven rotating mirrors®) or 
by using multiple reflections from a hexagonal 
mirror“), The apparatus described briefly here 
combines the sharp rise and fall times of these 


and C. 


HILSUM 


methods with a large degree of flexibility and 
comparatively low mirror rotational speeds. 
Multiple reflections are obtained between a 
fixed plane mirror and a rotating plane mirror 
(Fig. 2). The whole system can be represented by 
a single reflection from a mirror rotating n-times 


(7777 ZZ ZZ) FIXED MIRROR 


MOTOR-GENERATOR (@ ROTATING MIRROR 


Fic. 2. Arrangement of rotating mirror. 


as fast as the rotating mirror, where m is the 
number of reflections on the rotating mirror. This 
mirror was driven by a feedback motor-generator 
enabling any desired speed up to 6000 rev/min 
to be obtained. In practice n can be varied between 
4 and 15 giving effective rotational speeds up to 
90,000 rev/min. 

The light source was a high intensity 1? kW 
Xenon arc lamp which was chosen because of its 
high light output between 0-8 and 0-94. The 
optical system is shown in Fig. 3. The ellipsoidal 
mirror on which is focused an image of S; enables 
a rectangular pulse of light to be obtained at the 
specimen, as light falls on the specimen for the 
whole time that the image of S; falls on the ellip- 
soidal mirror. In this way a pulse-length to rise- 
time ratio of up to 100 to 1 is obtained. 

The photo-voltage was amplified by an amplifier 
of 10 Mc/s bandwidth and displayed on an 
oscilloscope. For semi-insulating specimens the 
noise level was generally sufficiently low for a 
clear trace to be obtained. In this case the decay 
trace was measured by a trace comparison method 
in which a synthesized signal consisting of the 
sum of up to three exponential RC decays was 
compared with the specimen signal (Fig. 4). 
When the noise level is too high for this technique 
a sampling method can be used in which the speci- 
men signal is sampled for 1p sec during each pulse, 
and the sampled signal is integrated by a long-time- 
constant RC network. The sampling point is then 
swept slowly through the specimen pulse and the 
integrator output is plotted on a X—Y recorder 
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Fic. 3. Optical path through light-pulse apparatus. 
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Fic. 4. Circuit for decay comparison. 
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(Fig. 5). This method can easily improve the 
signal to noise ratio by a factor of a hundred. 


3. RESULTS 
A. Lifetime 
The carrier lifetimes measured from the PC 
and PEM effects are tabulated in Table 1. For 


Table 1 


No. of 
carriers 
(n/cm*) 


Carrier lifetime 
tn( X 108 sec) 
Tp( X 108 sec) 


Light intensity 
(photons/cm?) 


Speci- 
men 


| 
| 
| 
| 
| 
| 
| 
| 
| 
| 


<107 
<107 


x 10913 3-4 3-0 
x 101 12 9°5 
x 101" 5-2 x 108 
x 1010 20 3-2 x 108 
x 1012 6° ‘ “6 x 106 
. 101° 20 § : «x 106 
~ 1013 0-5 17 -4« 108 
: 1012 0-8 65 4 & 108 
x 1012 3: 3-4 x 108 
~101 2- . -4« 106 
< 1012 3- . -4« 108 


Ww 


Ww mwn tv 


DnAAnuwMU WN ND Be 
NUR Nh AI & OO & Pp 
Se a eo 


comparison, in semi-conducting GaAs the life- 
times range from a majority carrier lifetime of 
10-6 sec and a minority carrier lifetime of 10~® sec 
to a majority carrier lifetime of 10~4sec and a 
minority carrier lifetime of 10-!2sec. The ratio 
of the majority to minority carrier lifetimes gives 
an indication of the amount of trapping in a 
particular specimen, and in semi-conducting GaAs 
this ratio varies between 10° and 108. In semi- 
insulating GaAs this ratio is much closer to unity, 
and is never greater than 10, indicating that there 
is much less carrier trapping in this material than 
in semiconducting GaAs. 

The mean of the two carrier lifetimes will be 
approximately the lifetime of carriers in trap-free 
material, and this is seen to vary from 3 x 10-9 to 
5x10-" sec, the longest mean lifetimes being 
obtained in the materials with the lowest electron 
concentration. 

The lifetimes are a function of light intensity, 
giving a decreasing lifetime at increasing intensity 
of illumination. This non-linear 
relationship between photosignal and light in- 
the photoconductive voltage (Vpc) 


results in a 


tensity, 
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increasing as light intensity (J) according to the 
relationship 


where m varies between 0-6 and 1-0. For mono- 
molecular recombination, m should be 1-0 and 
for bimolecular recombination m should be 0-5. 
For sample 5, m was measured as 0-65 when the 
radiation was unmodulated, and became 1-0 when 
the radiation was modulated at 800c/s. The 
photoconductive decay contained long time con- 
stant components of appreciable magnitude and 
these are probably affecting the d.c. measurement. 

In semi-conducting GaAs agreement was ob- 
tained between the majority carrier lifetime as 
measured by PC, PEM, and the photoconductive 
decay time constant. In semi-insulating GaAs 
the shortest decay time constants observed are 
not less than a microsecond, irrespective of 
whether the full Xenon lamp spectrum or only 
that part of the spectrum which was fully absorbed 
was used whereas the majority carrier lifetimes 
measured by the PC, PEM method are at least 
an order of magnitude shorter. No explanation of 
this discrepancy is offered here, but theoretical 
calculations®) show that deep levels which need 
not be trap levels can give rise to long time 
constant decays of appreciable magnitude. The 
presence of deep levels in semi-insulating GaAs 
has been shown by Buse‘) by measurements of 
thermally stimulated currents. 


B. Spectral response 

The simplest way to measure the spectral 
response of a specimen is to keep the spectrometer 
slit-width constant and to vary the wavelength. 
This results in a rapidly decreasing light output 
from the spectrometer as the wavelength is de- 
creased below 0-94, and if the value of m in the 
photoconductive voltage—light intensity relation- 
ship is not unity, but is less than one, an apparently 
increasing spectral response is measured as the 
wavelength is reduced. In such specimens, the 
spectral response must be measured at constant 
photon density, and then a uniform, or slowly 
varying response, is observed as the wavelength is 
reduced. The spectral response of a specimen 
from the absorption edge to shorter wavelengths 
is required as a measure of the surface conditions 
in calculating the carrier lifetime. 
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All semi-insulating samples show a response 
extending beyond the absorption edge to about 
2u. The signal in this region is linear with light 
intensity. This response has been analysed for a 
number of n-type specimens and is found to obey a 


9:0 
+ SPECIMEN 5 


@ SPECIMEN 6 


2/5 
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insulating GaAs. Carrier lifetimes of 10-7 sec 
are found, and trapping effects are smaller than 
in semi-conducting GaAs. The photoconductive 
spectral response has a long wavelength tail with 
a threshold energy of 0-63 eV in n-type material. 


! ! 
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Fic. 6. Long wavelength photoconductive tail response in semi-insulating GaAs. 


relationship of the form of: 
Response = (hv— £)°/2 
where £ is 0-63 + 0-01 eV (Fig. 6). 
CONCLUSIONS 
The methods developed for measuring carrier 


lifetime and associated photoeffects in semi- 
conducting GaAs have been extended to semi- 
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DISCUSSION 


A. R. Beattie: In the large signal region, the lifetime 
may be expected to vary with number of excess carriers 
so that the lifetime will vary not only with photon flux 
but also with magnetic field, since the magnetic field 
increases the surface number of excess carriers. Work on 
large signal PEM effect will shortly be published. 

B. R. HoLeMAN: In the experiments, the photon flux 
was kept as low as possible in an attempt to avoid high 
field effects. The surface conductivity change will be 
larger than the specimen conductivity change of about 
1 per cent, as strongly absorbed light had to be used. 

M. GREENE: Since the holes and electrons ultimately 
recombine via traps, why should the majority and 
minority lifetimes be different? 

B. R. HOLEMAN: A trap is not necessarily a recombina- 
tion centre; the effect of a trap is to remove numbers of 
one particular carrier from the relevant band, and thus 
prevent them from taking part in recombination, giving 
different majority and minority carrier lifetimes. See 
also Ref. (1). 


R. H. Buse: current data 


Thermally stimulated 


obtained by us on high resistivity GaAs crystals from the 
Services Electronics Research Laboratory indicate traps 
with depth about 0-6 eV and densities of 1014-104 cm-3, 
Similar traps are found in a variety of other high resis- 
tivity GaAs crystals. 

M. A. LAMPERT: For those samples which are near 
intrinsic (by ‘‘accident’’), the assumed impurity level, 
0-63 eV from a band edge (invoked to explain the 
photoconductivity tail), should reveal itself very 
dramatically in a one-carrier space-charge limited 
current experiment via the usual trap-filled-limit 
current rise (room temperature experiment). A trap 
density as low as 10!9-101!/cm* would easily show up in 
this way. 

B. R. HoLeMAaN: Measurements of space-charge 
limited currents have been made on a number of 
specimens of semi-insulating GaAs, and show a trap 
density which varies over a wide range from specimen 
to specimen.* Measurements have not yet been made on 


specimens used for photoconductivity. 


* ALLEN J. W., Nature, Lond. 189, 297 (1961). 
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THE MEASUREMENTS OF DEFECT STATES IN CdS 


J. FRANKS and P. N. KEATING 


A.E.I. Research Laboratory, Harlow, Essex, England 


Abstract—In the analysis of thermoluminescence and thermoconductivity curves the capture 
cross-sections, .S, of traps are generally taken to be independent of temperature or to vary according 
to an inverse square law. The analysis is extended for the case of no retrapping to allow the trapping 
cross-section to depend on the temperature according to a simple power law T-@. A single thermo- 
luminescence heating run is sufficient to obtain S, a, and the trap depth FE. Similar considerations 
apply to thermoconductivity provided the recombination lifetime is not strongly temperature de- 
pendent. If trapping states are filled at low temperature in the dark by applying a voltage above that 
corresponding to the trap’s filled limit, it is shown that under certain conditions the analysis applies 
independently of retrapping or recombination lifetime. The results of thermoconductivity measure- 


5 


ments on a copper-doped CdS crystal containing trapping centres for which a » —§ are discussed. 


INTRODUCTION 
‘THE CORRELATION of defect states in the forbidden 
band with crystal imperfections and impurities is 
essential to the understanding of many of the 
electrical and optical properties of CdS. In a study 
of these effects, the degree of perfection of the 
crystals is important. Considerable advances have 
been made in the control of crystal growth from 
the vapour phase.) Recent work has shown that 
the growth of CdS crystals of some specific habits 
depends on the nature of the substrate as wel! as 
on temperature and atmosphere. @) 

The detection of trace impurities in CdS, how- 
ever, still leaves much to be desired, especially as 
regards anionic impurities, of which oxygen pre- 
sents particular difficulties. In addition, small 
deviations from stoichiometry can have a profound 
effect on the electronic properties; direct 
measurements of such deviations appear at present 
to be virtually impossible. 

Although the identification of defect centres 
with particular impurities and imperfections can 
therefore not be very complete, some parameters 
relating to these centres, such as their depth and 
capture cross-sections, have been extensively in- 
vestigated. Optical and electrical techniques have 
been developed to examine centres of different 
types, but the interpretation of results is still often 
open to controversy, especially in the fields of 
thermoluminescence and thermoconductivity. 
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THERMOLUMINESCENCE 
In the absence of retrapping, use is made of the 
relation between intensity of emission, J, at a 
temperature 7' and the energy, E, of a level below 
the conduction band: 


I = noN,Sv ex {_x kT— 
P | 


x exp(—E/k Tar} 


where mo is the number of trapped electrons at the 
lowest temperature 79, N¢ is the effective density 
of states in the conduction band, SS is the capture 
cross-section of the traps at level E, v is the thermal 
velocity of the electrons and f is the heating rate. 

The derivation is based on the fact that for most 
phosphors the recombination lifetime 7 is suffici- 
ently short for the rate of change of electrons in 
the conduction band dn,/dt to be negligible with 
respect to m-/7 under normal experimental con- 
ditions. 

In applying equation (1), the product N,Sv is 
often taken to be independent of temperature ®~7) 
implying that S varies as T~*, since N,v may be 
taken to vary as T?; in other analyses, S is taken 
to be independent of temperature: 9), It has been 
shown that S may depend strongly on tempera- 
ture, however, so that it would appear more 
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realistic to allow S to vary according to a power 
law T-¢, or 

N-Sv = BT, j (2) 
where B is a constant, and b = 2—a. 

On substituting (2) in (1), evaluating the integral 
by an asymptotic series and expressing the con- 
stant factor under the integral in terms of the peak 
temperature Ty, 


B b E — . 
i. ae * geal ee a (3) 


equation (1) becomes 


—In I/Ig ~ EJ/RT—b ln T+(T/Ty) 


x (14 


where Jp = moB and A = (b+2)RkT/E. The error 
involved is less than 3 per cent if E/RT, > 10. 
Applying equation (4) to the two cases of half 
intensity of the peak, a relationship is obtained 
between trap depth, half-peak temperatures 7} 
and T», and peak temperatures T, (7; < Ty < To), 
such that 
kT, y—0-75 
_ x 1-2y — 0-54) + 5-5 x 10-8— | ——}, (5) 


where 


kT, aii 
y ) (1—A) exp(E/kT,—E/kT) (4) 


A=atn, y= 4/41, 11> (T,- T}), T 9 
and 12 = (T2- Ty) Tj. 


This expression, which is used to obtain E, is 
accurate to within 5 per cent over the range of 
experimental interest with E/kT, between 10 and 
35, and y between 0-75 and 0-9. The value of a 
can be read from plots of E/kT, against y, and 
finally B, and hence S, is obtained using equation 
(3). 

If retrapping occurs, the value of E can be 
shown not to be greatly altered, but S will be 
affected, 1) 

A similar analysis can be applied to thermo- 
conductivity curves, provided the recombination 
lifetime 7 varies only slowly with temperature; 
the thermoconductivity is 
(6) 


o = reul, 


where , is the electron mobility. 
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A variation of 7 with temperature will change the 
values of « and y, and hence introduce an error in 
the value of £ if equation (5) is used. The tem- 
perature dependence of 7 could be obtained by 
comparing the shapes of thermoluminescence and 
thermoconductivity curves due to electrons re- 
leased from the same level. 


CHARGED THERMOCONDUCTIVITY 

In thermoluminescence and thermoconductivity 
measurements, whereby electron distributions are 
changed by irradiation so that holes are introduced 
in deep levels, recombinations can occur which are 
not detected by either methods. With a sufficiently 
thin crystal, it is possible, however, to fill trapping 
levels systematically by applying at low temperature 
a voltage exceeding that corresponding to the trap 
filled limit. These levels will in general remain 
filled until the temperature is raised sufficiently 
for the electrons to escape into the conduction 
band. The crystal is of course negatively charged 
during the process. 

If a potential is applied across the crystal, ther- 
moconductivity curves are obtained, which de- 
pend on an average time f, spent by the electrons 
in the conduction band before reaching the anode 
instead of on the recombination lifetime. The 
analysis is simplified if electrons are prevented 
from entering at the cathode while the traps are 
being emptied. If ohmic electrodes are used, the 
voltage applied during the thermoconductivity 
measurements must be below the trap filled limit. 
A higher voltage can be permitted if the specimen 
is provided with an ohmic and a blocking electrode, 
the ohmic electrode acting as cathode during the 
trap filling stage and the blocking electrode as 
cathode during the heating stage. 

If the applied potential, V, is large compared 
with the variation in potential through the crystal 
due to the trapped charge, a crystal of thickness d, 
containing a uniform distribution of traps, on 


average 
te = d?/2ynV. (7) 


For a 10u-thick CdS crystal with 10 V applied, 
te =5x10-sec if » = 100cm?/Vsec. For a 
trapping cross-section of 10-!cm2, retrapping 
becomes appreciable only if the trap density 
exceeds 101? centres/cm?, so that in general it does 
not appear necessary to take retrapping into 
account. 
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Also dn-/dt < n¢/te so that RANDALL and 
WILkins’) relation can again be used. 

The charged thermoconductivity curve should 
therefore be given by 


(8) 


and if the simple expression (7) for ft, is substi- 
tuted, the thermoconductivity is given by 


o = ed2l/2V 


c= eutel 


(9) 


so that in this case the multiplying factor is inde- 
pendent of temperature and an analysis similar to 
that for the thermoluminescence curves applies. 
No account has been taken, however, of the effect 
of the applied and space-charge field on the 
apparent depths of the traps. A comparison of 
curves under charged and neutral conditions could 
yield information on this aspect. 


DESCRIPTION OF APPARATUS 

The apparatus [Fig. 1(a)] is designed to allow 
thermoluminescence and thermoconductivity re- 
cordings to be taken simultaneously. The crystal 
is mounted on a glass plate between two indium 
electrodes in the specimen holder [Fig. 1(b)]. The 
temperature is measured with two copper-—con- 
stantan thermocouples in contact with the elec- 
trodes. The inner vessel is flushed with nitrogen, 
and a very slow gas flow is maintained throughout 
the experiment, the pressure being sufficient to 
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1(a). Thermoluminescence-thermoconductivity 
apparatus. 
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prevent liquid nitrogen entering the crystal 
chamber. 

To ensure that the specimen is efficiently cooled 
at the start of the experiment, the top is opened to 
allow the liquid from the Dewar to rise round the 


Thermocouples 
=> 4 
ze 
omen? Copper disc 


Heater 


Specimen 
mounting 
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aoe 


Fic. 1(b). Specimen holder. 


Brass flange 


specimen chamber (as shown on the diagram). 
Before the heater is switched on, the liquid is 
expelled again by closing the tap, so that thermal 
coupling between specimen and coolant is mini- 
mized. 

The heater supply circuit includes an auto- 
matically driven Variac, the heating rate is linear 
to within 5 per cent between 95 and 350°K and 
can be varied from 0-1-3°C/sec. Light from the 
specimen is collected by an E.M.I. 9558 photo- 
multiplier, the output of which is fed to a recorder. 
Thermoconductivity curves are taken at a potential 
of about 5 V, and the amplified output recorded. 


THERMOCONDUCTIVITY MEASUREMENTS 

Thermoconductivity measurements have been 
made on a plate crystal of CdS, grown by the 
method of Focus") and doped with 4 x 10- molar 
fraction of copper. The doping was effected by 
firing the crystal embedded in CdS powder con- 
taining Cu(NOg)2 at 700°C for 2 hr in an atmo- 
sphere of H2S. The luminescent emission from this 
specimen was insufficient to allow an analysis of the 
thermoluminescence curve to be made. 

To check the consistency of the results, measure- 
ments were made at a number of different heating 
rates and in each case the peak was analysed by the 
method") outlined above. These results are listed 
in Table 1. 


The main reason for the variations appears to 
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be the error involved in the temperature measure- 
ment. The method is quite sensitive to such errors 
although not to the same extent as those methods 
in which a relation is required between 1/7, and 
other parameters, as f is varied in a series of runs 
(e.g. Refs. 9 and 12). 

With a mean value of E = 0-053 eV, the value of 


and P. 
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The method allows the capture cross-section at 
room temperature to be calculated from curves 
obtained at various temperatures, provided a 
simple power law is obeyed. In any case, the power 
law expression can be used to establish the nature 
of the centre, and then a more appropriate law 
could be applied to individual cases. 


Table 1 


C/sec 


Ty(°K) Ti(°K) 


T2(°K) 





87°5 


100-5 
104-5 
105 3°5 
106 5 


—§, so that S increases with temperatures as 
value of 210-2! 


ae 


, 
Ti, and has an absolute 


(7/100)!, taking m* = 0-16m.“3) 


DISCUSSION OF RESULTS 

The example taken shows that a may differ con- 
siderably from the values of 0 and 2 which are 
generally assumed. Admittedly the variation in 7 
with temperature could not be estimated because 
the equipment was not sufficiently sensitive to 
obtain a useful thermoluminescence curve with 
this specimen. Also, the computed curves had to 
be extrapolated because of the small capture cross- 
section of the centre and hence the low value of 
E/kT, (approx. 6). However, the small value for 
the capture cross-section and the increase of cross- 
sections with temperature are consistent with the 
behaviour of a capturing centre exhibiting cou- 
lombic repulsion. ‘4; 15) 

In this case the trapping centre may be complex; 
a singly charged donor would be expected to 
exhibit coulombic attraction and to have a much 
larger trapping cross-section; for such a centre a 
value E/kT, ~ 30 is often found. 


115 
118 
119 
120 
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DISCUSSION 


H. A. Kiasens: The author assumes for analysis of 
glow curves a fixed trap depth. A distribution of trap 
depths would lead to quite different results. A spread in 


depths can be found from the initial slope of ‘‘decayed 
glow curves’’. Have such measurements been made? 
J. Franks: The theory developed so far applies to 
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traps of a single depth. The analysis of glow curves has 
therefore been restricted to isolated peaks, or to peaks 
which would be resolved by partial emptying techniques. 
F. C. Brown: How do you justify the neglect of re- 
trapping in the analysis of your glow curves? 
J. Franks: If extensive retrapping occurs, the error 
introduced in E is small, but the value obtained for the 


capture cross-section becomes unreliable because, in 
the determination of E, the effect of retrapping is largely 
compensated by a change in the apparent capture cross- 
section.* 





* KeaTING P. N., Proc. Phys. Soc. Lond. to be pub- 
lished. 
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PHOTOCONDUCTIVITY AND INFRA-RED ABSORPTION 
IN SILICON IRRADIATED BY NEUTRONS 


V. S. VAVILOV, E. N. LOTKOVA and A. F. PLOTNIKOV 


P.N. Lebedev Institute of Physics, Academy of Sciences, Moscow, USSR 


Abstract—The infra-red absorption and photoconductivity of silicon single crystals irradiated by 
neutrons were investigated in p-type samples. Absorption bands at 1-8 yp, 4:1, 5-9 uw and weaker 
bands at 3-5 » and 3-7 w were found. In n-type silicon a band was observed near 1-8 pv along with 
a band near 3-7 » which at low temperature was resolved into two at 3:5 » and 3-7 pw, and a band at 
5:5 pw. The photoconductivity spectra in p-type crystals correspond to energy levels situated at 


100°K near 


E,+0°3 eV (4-1 p) 
E,+0-33 eV (3:8 p) 
E,+0-38 eV (3°3 1) 
E,+0°45 eV (2:8 p) 


and two levels in the upper part of the forbidden gap: 


E-—0°4 eV (1°62 p) 
E-—0°16 eV (1°23 ). 


The investigation of the kinetics of photoconductivity has made it possible to determine the hole 


capture cross-section for some of the radiation defects, energy levels. 


INTRODUCTION 
Data on energy level positions and other properties 
of defects formed in silicon single crystals as a re- 
sult of neutron and electron bombardment were 
obtained by several authors by electrical measure- 
ments, ‘1,2) by the investigation of the recombina- 
tion capture phenomena,» 3) and also by the 
measurements of optical absorption and photo- 
conductivity spectra‘), Work in the latter direction 
was also carried out by us at P.N. Lebedev Institute 
of Physics of the Academy of Sciences of the USSR 
with the aim of further clarifying the nature of 
radiation damage. In addition to spectral response 
measurements, the kinetics of impurity photocon- 
ductivity were investigated for several energy levels. 

Measurements were made at temperatures be- 
tween 18°K and 300°K. The method used for 
transmission measurements is described in Ref. 
(5). 

The condition necessary for the observation of 
absorption bands corresponding to the electron 
transitions from the valence band to the level is 
that the number of empty states is large enough, 


i.e. the level is weakly populated by electrons at 
equilibrium. For bands corresponding to the 
transitions into the conduction band, the inverse 
condition must be fulfilled. The same considera- 
tions are valid for photoconductivity spectra. 
They can be used as an argument to prove that the 
analysed part of the extrinsic photoconductivity 
spectrum is due to volume photoionization and 
not to the centres on the surface of the crystal. 
The Fermi level position was determined by Hall 
effect measurements. 


1. THE ABSORPTION IN n-TYPE SILICON 

The single crystal samples initially had a re- 
sistivity po ~ 0°03 + 0,04Q/cm and contained 
phosphorus. The fast neutron integral flux ¢ was 
between 3x10!7 and 6x 10!7 n/cm?. Cadmium 
foils were used as a shield from slow neutrons. In 
all samples, the carrier concentration decreased 
and the transmission beyond the fundamental 
band edge increased accordingly. As cited in the 
earlier works, a broad band not separated from 
the fundamental absorption edge appeared, and 
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also the well-known maximum at 1-8. The 
absorption bands were found also at 3-7 and 
5-5. At temperatures lower than 100°K, the 
3-7 uw band was resolved into two bands at 3-5 uw 
and 3-7 u. Typical transmission spectra for the 
n-type crystal before and after irradiation are 
shown in Fig. 1. 


N. LOTKOVA and A. F. 
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were made at a temperature near 100°K with a 
spectrometer arrangement consisting of an IKS—12 
prism monochromator with a mirror focusing 
unit. The scattered light was eliminated by ger- 
manium or silicon filters. As compared with the 
Fan and RAMDAS experiment, much lower integral 
neutron fluxes were used (1018-1015 n/cm?).(7) A 














Fic. 1. The transmission spectrum of an n-type silicon sample, po ~ 0°04 Q/cm, irradiated 


by 6 


2. THE ABSORPTION IN p-TYPE SILICON 

In the spectra of p-type samples containing 
boron as the acceptor impurity and having initial 
resistivity po ~ 0°09 Q/cm at 300°K, bands at 
1-8 uv; 3-5; 3-7; 4:1 and 5-9, apparently 
directly connected with radiation damage, were 
observed. Besides this, in the 6-8 region, there 
were bands not connected with irradiation ®) and 
near 9 uw there was the well-known band due to 
oxygen. The intensity of this band decreased after 
neutron irradiation. In Fig. 2, a part of the p-type 
silicon absorption spectrum is shown, measured 
at the temperature 18°K after irradiation by 
6-101? neutrons/cm? (fast neutrons with average 
energy near to 1 MeV). 


3. PHOTOCONDUCTIVITY SPECTRA IN p-TYPE 
SILICON 


The photoconductivity spectra measurements 


1017 neutrons/cm?. 


typical photo-response spectrum of a crystal 
irradiated by a flux ¢ ~ 10!4n/cm? is shown in 
Fig. 3(a). 

The spectrum of this sample and also all the 
spectra of the irradiated p-type crystals having the 
Fermi level at the experimental conditions at 
0-1 + 0-25eV from the valence band, show a 
maximum of rather unusual form between 0-3 and 
0-35 eV (4-1-3-6 y). The spectra of this type were 


observed for samples with initial resistivities 


p= 10Q/cm, ¢ = 10" and 10! n/cm? 
p=40Q/cm, ¢ = 10 n/cm? 
p = 100 Q/cm, ¢ = 10!8 and 10! n/cm?. 


Figure 3(a) shows the positions of levels in the 
lower half of the forbidden gap, corresponding to 
the results of the experiment. 

Figure 3(b) shows, in semi-logarithmic scale, 
the photoconductivity spectrum typical for p-type 
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Fic. 2. The absorption spectrum of a p-type silicon sample; po ~ 0:09 Q/cm, 
irradiated by 6 10!" neutrons/cm?. Fermi level position Ey ~ Ev +0-16 eV. 
Measurements at 18°K. 


samples having the Fermi level between EF, +0-3 Ab 

and E£,+0-33eV. Spectra of this type were 

measured for crystals with initial values of p: 
p = 40Q/cm, ¢ = 10! and 10!6 n/cm? 
p = 100 Q/cm, ¢ = 10 n/cm?2. 





In this case there is no maximum and in its 
step” corresponding to a 


units 


“e 


place a more usual 
photoionization energy of 0-33 eV is seen. 

As it is known from the experiments with irradi- 
ated germanium crystals, extrinsic photocon- 
ductivity may result from the photoionization of 
centres on the crystal surface. We think that the 
data of Fig. 4 show that the effects observed in 
our experiments result from the photoionization 
in the volume of samples. As was shown in the 
case when the Fermi level in the irradiated sample 
lies at 0-36 eV from the valence band, the part of 
spectrum due to the two lower levels of defects 
disappears. The same argument shows positively 
that the levels are situated in the lower half of the 
forbidden gap. Control experiments with samples 
of varying dimensions and with bars of p-type Photon energy, eV 


arbitrary 


Photoconductivty, 














silicon having an n-type layer made by phosphorus : _ 
‘ifusi ; 8 h yP y f ; yP : Fic. 3(a). Photoconductivity spectrum in p-type silicon 
diffusion Over the entire surlace except at the ends —isradiated by 10!4 neutrons/cm?. Measurements at 


gave the same photoconductivity spectra. 100°K; Ey = Ev+0-25 eV. 
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Fic. 3(b). Photoconductivity spectrum in p-type silicon 
irradiated by 10! neutrons/cm?. Measured at 100°K; 
Er = Ev+0-32 eV. 


The last of the photoconductivity spectra given 
in Fig. 5, in the photon energy range between 0-4 
and 1 eV, shows that in the upper half of the for- 
bidden gap, near E,—0-4eV and E£,—0-16 eV, 
there are two more energy levels. 


3. THE KINETICS OF IMPURITY PHOTO- 
CONDUCTIVITY 
The study of photoconductivity kinetics in the 
samples, spectra of which were given in the above, 
made it possible to determine the capture cross- 
section of holes op, by the centres with levels at 


E,+0-:3 eV; E,+0-38 eV; E,+0-45 eV.) 


At 100°K, the samples had high resistivity. The 
equilibrium concentration of holes po did not 
exceed 8 x 108 cm~3 at Ey ~ E,+0-25 eV. Thus, 
the initial concentration of holes at the defect level 
practically coincides with the centres’ concentra- 
tion and the thermal exchange can be neglected. 
The kinetics of photoconductivity is described by 
the equation 


dAp 


dt ( 
= (mo+Ap)8q] —yAp (Pom+ Mo—mo+ Apt pr), 
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Photoconductivity spectrum in p-type silicon 

1016 neutrons/cm?. Measurement at 
100°K; Ey = Ev+0°36 eV. 


Fic. 4. 
irradiated by 


where 


my is the initial concentration of holes at the 
level M, equal to the concentration of centres 
Mo; 

Ap is the excess hole concentration ; 

qg is the photon absorption cross-section for the 
transition to the level M; 

B is the quantum yield taken to be unity; 

y is the recombination coefficient: 

y = 1/opV where V is the holes’ thermal 
velocity; 

Pvm is the hole concentration reduced to the M- 
level; 

{ AEm 
Pom = Pp exp( ae’ Dh 


The solution of this equation in the case of 
excitation by a rectangular light pulse, for the in- 
crease of hole concentration Apy and for the 
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0-6 0-8 
Photon energy, eV 
Fic. 5. Photoconductivity spectrum in p-type silicon irradiated 
by 1014 neutrons/cm? in the photon energy region up to 1 eV. 


Measurement at 100°K. Dotted line: photoconductivity before 
irradiation. 


decrease after the excitation is over, Ap; is Apet exp (—ypot) (3) 


A Atanh at 
H = — —, 
? 1+ tanh at 


and the stationary value of the hole concentration 


increase 
J /( 7 ame) -1] 
yV(pot+gq/ |v)? 
(3a) 


For the condition Apey < mo, which is fulfilled in 
our case, the initial slopes of the curves 


where 





——, (2b) 
Wt sarreine) 
age” rE Te = 
“pot qJ |v)? d 
are equal, and 


qJ\ | 4moq J 
EM aerertis 
ripo+ ali") 0. oe 


2 : dt 
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If the excess concentration of holes Ap is small 
enough, i.e. Ap < po, the formulae given are 
simplified and the expressions for Apy and Ape 
become exponential functions of time.’ 

In our experiments, however, the expressions 
(1-4) in their general form had to be used. 

One can analyse an oscillographic record of the 
decrease of photoconductivity, Ap, = f(t); if the 
stationary excess concentration Ap,; and the 
initial slope of the curve are known, one can com- 
pare the computed dependence with experiment. 














Time, psec 


Fic. 6. The relaxation of extrinsic photoconductivity 
due to electron Ev +03 eV. 
Solid line: experiment; dots are computed by choosing 
value. 


transitions to the level: 


the appropriate y 


For instance, dots in Fig. 6 were computed by 
choosing appropriate y-values. In the case of 
coincidence with experiment, the value of hole 
capture cross-section o,) = v~!y~! was found. 

Our measurements gave the following values of 
0» with the error of + 50 per cent. 


Level: 


E,+0-3 eV Ey+0-38eV  Ev+0-45eV 


op (cm*) 3 x10-4 10-17 


DISCUSSION 

Comparing the system of defect levels in silicon 
irradiated by electrons, based mostly on electrical 
measurements and shown on the left side of Fig. 7, 
with a similar system constructed from the data 
of optical experiments, i.e. absorption and photo- 
conductivity spectra, one can see a rather good 
correspondence; one has to add that the right side 
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of the picture is based mostly on neutron irradiated 
samples. There is a good correspondence between 
the results of FAN and Rampas and our results for 
absorption, with exception of the following two 
facts. 

(a) The presence of weak absorption bands in 
p-type crystals at 3-5 « and 3-7 w in our experi- 
ments. 

(b) The presence of the 1-8 band not only in 
irradiated samples, but also in unirradiated n-type 
silicon at 100°K. 

The first fact cannot be explained by n-type in- 
version layers on the surface or by the existence of 
n-type inclusions in the volume; moreover, the 
absorption data are confirmed by photoconductivity 
spectra. 

As it is seen from Fig. 7, the positions of deep 
levels determined optically or by electrical measure- 
ments (Hall effect, recombination experiments) 
generally coincide. The levels E,+0-3 eV and 
E.—0-16 eV are a good example. 

However, the investigation of photoconductivity 
indicates the existence of a number of centres with 
other photoionization energies. This is a result of 
the greater sensitivity of photoelectric experi- 
ments. 

The final identification of the nature of defect 
levels, of course, requires further experimental 
work. 

A tentative explanation of the maximum in the 
0-3—-0-35 eV region for p-type samples as suggested 
by SMIRNOV, is that the uncontrolled gold im- 
purity recombination level situated at FE, +0-35 eV 
probably reduces the photoconductivity after the 
photon energy exceeds 0-35 eV when the concen- 
tration of defects is small enough. If the number 
of defects increases sufficiently with irradiation 
dose, the minimum induced by gold disappears. 

According to our experiment, the hole capture 
cross-section for the level E,+0-3 eV in p-type 
silicon 
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op =~ 3x 10-14 cm?. 


This may be compared with the value given by 
WERTHEIM”) for the level at the same position in 
n-type silicon: 

8 x 10-13 cm2. 


This larger cross-section may be due to the 
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Energy level positions in silicon irradiated by fast electrons (determined by elec- 


trical measurements). Energies of optical excitation and photoionization in silicon irradiated 
by neutrons. 


A—absorption measurements. 


coulomb interaction, or the temperature depend- 
ence of the cross-section. 

Our data on the existence of the 1-8 « absorption 
band in m-type samples with the Fermi level near 
E.—0-:15 eV do not agree with the interpretation 
of KLern™) who attributed this band to transitions 
from the level at E,+0-16 eV to the excited state 
level near E,,—0-3 eV. 

We feel that a clear picture of radiation damage 
in silicon will require further experiments, par- 
ticularly the experiments with dislocation-free 
and oxygen-free samples. 
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DISCUSSION 


I. T. STEINBERGER: Were there any differences in the 
photoconductivity excitation spectrum observed if the 
time sequence of the measurement was changed, i.e. 
from the long wavelengths to the short ones or vice versa? 


V. S. Vavitov: There was no difference. Moreover, 
there was no difference between the shapes of spectra at 
9 c/s and those obtained with unmodulated light. 

G. F. J. Garuick: (1) What temperature was reached 
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by the silicon crystals during neutron irradiation? 
(2) It would be interesting to use short wavelength 
excitation of specimens with high Fermi level to empty 
levels below the latter and then to explore transitions 
into the levels to see whether the resulting photoconduc- 
tion spectrum shows sharp peaks, as it does in speci- 
mens with lower Fermi levels. 


V.S. Vaviov: (1) The temperature during irradiation 
did not exceed 50°C. (2) We plan to do the experiment 
mentioned by you since it may give the data necessary 
for the explanation of the peak observed. 


H. Y. Fan: In the spectral photoconductivity curve 
which shows peaks, is the photo-response normalized 
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for constant intensity of incident radiation or for a con- 
stant number of absorbed photons? In the former pro- 
cedure, variations in the curve may result simply from 
the variations of transmission. When normalized for 
constant number of absorbed photons, the curve would 
be expected to show steps rather than sharp peaks and 
valleys, unless sharp variations of some competing, non- 
photoconductive absorption are present. 

V. S. Vavitov: The curves are normalized to incident 
light. However, control experiments on transmission have 
definitely shown that in the region of the unusual 
minimum there are no appreciable absorption or re- 
flection peaks which could produce the effect mentioned 
by you. 
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PROCESSES IN SILICON DOPED 


WITH Ga, In AND Sb 


Y. E. POKROVSKY and K. J. SVISTUNOVA 


Institute of Radio and Electronics, Academy of Sciences, Moscow, USSR 


Abstract—The temperature and concentration dependence is studied of the excess charge carrier’s 
lifetime in Si doped with Ga, In and Sb. The elements listed do not show any significant influence 
on the recombination rate of the minority carriers. Trapping is observed in In-doped n-type silicon 
due to the hole capture by negatively charged In centers. The hole capture cross-section is equal 
approximately to 2 x 10-16 cm? at 80°K and is but weakly temperature dependent. The electron cap- 
ture cross-section of neutral In centers is 4 x 10-22 cm? at 80°K and increases with decreasing tem- 
perature. Recombination radiation accompanying the electron capture by In atoms is studied 
quantitatively; the capture cross-section is shown to be determined by radiative transitions. 


THE RECOMBINATION processes in silicon doped 
with the elements of Groups III and V are of 
great interest, since the elements in question 
possess but one energy level in the forbidden 
region. Therefore the interpretation of the experi- 
mental results may be expected to be especially 
simple in this case. In this paper we report the 
data on the influence of Ga, In and Sb on the re- 
combination of excess carriers in silicon. 

The monocrystalline silicon samples 
pulled and doped by floating zone technique. The 
impurity concentration was measured by Hall 
effect in the temperature range 50°-500°K. In the 
same range, photoconductivity decay measure- 
ments were done using both intrinsic and extrinsic 
excitation. 

The lifetime in Si doped with Ga, In and Sb 
decreases slightly with decreasing temperature 
and is practically independent on the doping im- 
purity concentration in a large range of its values. 
The presence of such a concentration plateau 
means that the minority carriers capture cross- 
sections of Ga, In and Sb are small and the re- 
combination rate is determined by some other 
imperfections which are present in the samples in 
constant amount. The relevant data for the n-type 
silicon samples doped with both In and Sb are 
shown in Table 1. It is seen that at 300°K all the 
samples are characterized by the same lifetime 


were 
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value, independent on the doping impurity con- 
centration. Yet on lowering the temperature the 
photoconductivity decay time 7 increases expo- 
nentially (see Fig. 1). The activation energy for 
this process is close to 0-16 eV, corresponding to 
the In ionization energy."!) When the temperature 
becomes lower than 100°K, the exponential 
growth of 7 is replaced by a weak temperature de- 
pendence. 

This type of the + temperature dependence is 
due to a great difference between the electrons’ 
and holes’ capture cross-sections of In. When 
the excess charge carriers of both signs are intro- 
duced, the holes are captured quickly by negatively 
charged In ions. The electron capture cross- 
section of neutral In atoms is small and the excess 
conductivity decay rate is controlled by the hole 
emission from In into the valence band, with sub- 
sequent pair recombination via some other centers. 
When the temperature is low enough and the 
thermal ionization of In is insignificant, it is the 
rate of electron capture by neutral In atoms that 
determines the excess conductivity decay time 
constant. Thus the In provides trapping in -type 
silicon, practically all the excess conductivity being 
due to excess electrons. 

To explain the experimental results quantita- 
tively, the excess conductivity decay was con- 
sidered in n-type silicon containing indium and 
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Fic. 
both In and Sb. 


some other recombination centers. '?) The calcula- 
tions show that at relatively high temperatures 


N; ) | 


= Tpo ] T pt 

1 
where JN; is the In concentration, Pr is the hole 
concentration when the Fermi level coincides with 
the In level, and typo is the lifetime of holes in 
heavily doped n-type silicon. This relation fits 
well to the experimental data if typ = 1 x 10~ sec 
and is calculated with £;—E, = 0-16 eV and 


(1) 


10 


°K 


1. Temperature dependence of the photoconductivity decay time in silicon doped with 
sample 9-B, —sample 26-B, O—sample 27-B. 


assuming that the density of states mass is approxi- 
mately equal to mo. 

At the other limiting case of low temperatures, 
another relation is applicable: 


l 


(2) 


Here v is the mean electron thermal velocity; mo, 
the equilibrium electron concentration; and S‘ the 
electron capture cross-section of the neutral In 
atom. The corresponding S’ versus temperature 


‘ba, 
Sit No 
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curve calculated from the data of Fig. 1 is shown 
in Fig. 2. In course of the calculation, me was taken 
equal to mo. The value of S! at 80°K is 4x 10-22 
cm? and increases on cooling. Though its tempera- 
ture dependence for all the three samples is satis- 
factorily described by the 7-3 law (the straight line 
in Fig. 2), we do not think it is yet possible to 
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Fic. 2. Temperature dependence of the electron capture 
cross-sections of In atoms. *—sample 9-B, (\—sample 


26-B, O—sample 27-B. 


obtain the exact temperature dependence, since 
the temperature range in question is rather small. 

To make clear the nature of elementary pro- 
cesses governing the S* value, the quantitative 
study was carried through of the recombination 
radiation accompanying the electron transitions 
from the conduction band to the neutral In atoms. 
Such a radiation had been observed by HAyNeEs 
and WesTPHAL®); yet it had not been made clear 
to what extent the radiative transitions determine 
the recombination rate. 
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The recombination radiation was studied for 
the two samples at 80°K. The monochromator 
was used to generate the electron-hole pairs. The 
intrinsic excitation was used and there was no 
light in the frequency range where the recombina- 
tion radiation was being observed. The image of 
the sample was focussed on the entrance slit of the 
spectrometer. The image of the exit spectrometer 
slit was focussed on the PbS _ photo-resistor 
registering the recombination radiation. 

The spectral distribution of recombination radia- 
tion is shown in Fig. 3. The radiation maximum 
corresponds to the photon energy of 0-97 eV—in 
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Fie. 3. 


Spectral distribution of the recombination 
radiation. 


satisfactory agreement with the value given up in 
the electron transition from the conduction band 
to the indium atom. 

The recombination radiation 
measured to determine the quantitative relation 
between the number of emitted photons and the 
number of recombination acts. To this end, the 
nichrome band was placed into the cryostat in- 
stead of the sample. The band was current-heated 
and had the dimensions and the form of the sample. 
Its temperature was measured by the thermo- 
couple. The band radiation had been calibrated 


intensity was 
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beforehand by the black-body radiation. The band 
temperature was regulated so as to make the 
signal from band radiation equal to that of the re- 
combination radiation. The optical geometry 
having been the same in both cases, the recom- 
bination radiation intensity from the unit sample 
area, J, was equal to that of the band radiation in 
the given spectral range. It could, therefore, be 
easily calculated. 


The number of recombination acts per unit 
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mining the hole concentration pp, at low tempera- 
tures. In this case, the extrinsic photoconductivity 
decay time constant, 7, was given by the simple 
relation: 


1 
T= — (3) 


ni 
S7YPo 


From equation (3), the hole capture cross-sections 
of In were calculated for different samples, having 


Table 1 


Sample number 


9-B 26-B 27-B 





Indium concentration (cm~* 
Electron concentration at 
T = 300°K (cm-%) 


141015 | 4-5 x 1015 | 6 x 1016 


5-8 x 1015 | 2-3 x10!6 | 2-7 x 1016 





rat T = 300°K (usec) 


Sample number 


11 10 


26-B 27-B 





Calculated intensity Jo (W/cm?) 


1-25 x 10-5 4-4 x 10-6 





Observed intensity J(W/cm?) 


time was determined experimentally. The recom- 
bination radiation intensity was calculated under 
the assumption that every recombination act is 
accompanied by a single photon emission and the 
radiation is isotropic. The reflection at the sample 
surface was taken account of in calculations.‘ 
The measured (J) and calculated (J,) intensities 
of the recombination radiation are given in Table 
2. It is seen that practically all the capture acts 
proceed via the photon emission. Thus the electron 
capture neutral In 
governed by radiative transitions. 
The hole capture cross-section, So of nega- 
tively charged In centers was estimated by the ex- 
trinsic photoconductivity decay in p-type silicon. 
The samples were illuminated by short pulses 
through the germanium filter. The samples con- 
tained, besides In, some residual shallow acceptors 
in the concentration from 10!2 to 1018 cm-$ deter- 


cross-section of atoms is 


1:10 x 10-5 4:3 x10-6 


different values of N; and po, under the assumption 
that mp = Mo. S! turned out approximately 
equal to 2 x 10-16 cm? at 80°K and was but weakly 
temperature dependent. 

Thus the hole capture cross-section exceeds 
that of electrons by almost six orders of magni- 
tude. Such a big difference may be understood. 
Really, the hole is captured by a negatively charged 
In ion. In this case, the capture cross-section may 
be controlled by the phonon cascade process"? 
which explains the large cross-sections of deep 
traps. The electron is captured by a neutral in- 
dium atom and the energy of about 1 eV has to be 
given up. In this case, for the cascade process to be 
possible a sufficient number of excited states is 
necessary. It may happen that there are not 
enough levels in a potential well due to the 
polarization of the neutral center. According to the 
experiments discussed above, here the dominant 
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process is the radiative transition. The theor- 
etical estimate made by BONCH-BRUEVICH®) shows 
that radiative transitions may really happen 


often enough to explain the experimental data. 
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DISCUSSION 


M. G. A. BERNARD: Have you any evidence that the 
radiative capture of In atoms for electrons is phonon 
assisted? 

S. G. KALASHNIKOV: From the experiments described, 
one can only conclude that within the experimental error, 
the energy released turns into radiation energy. 


A. Rose: Is it possible that the very small capture 


cross-section for electrons (10-?!/cm?) means that the In 
capturing center is negatively charged? 


S. G. Katasunikov: According to the generally 
accepted model of Group III elements in silicon, indium 
can take on only a single electronic charge and therefore 
must be neutral when it is capturing an electron. 
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PROPERTIES OF MANGANESE 


AND GOLD IN GERMANIUM 


V. G. ALEXEEVA, S. G. KALASHNIKOV, I. V. KARPOVA and E. G. LANDSBERG 
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Abstract—Measurements are made of the photoelectromagnetic effect and photoconductivity in 
n- and p-type Ge doped with Au and Mn in the temperature range ~ 330-90°K. The Au capture 


coefficients at 300°K are found to be: «, 
while for Mn one obtains: «) = 2 x 10~°, «, 
ture dependence is of the form 7T~”", where n 


§x10-19, « 


4x10 


3: 


2x10%, «, 1x10-* (cm?/sec); 
, o 6 x 10-19 (cm/sec). The « 


5 for Au and 4:5 for Mn. «, and «», for Mn, as 


n 


10 tempera- 


well as «° for Au, are but weakly temperature dependent. The «-values obtained are in agreement 
with the analyses of the trapping phenomena in n-type samples. The experimental results are 
discussed and compared with the data given by other authors. 


INTRODUCTION 

‘THE RECOMBINATION properties of gold atoms in 
Ge have been studied recently by various 
authors.{1-4) Some data on Mn in Ge are given 
in Refs. (3-5). Yet the information obtained up 
till now is not complete enough. Thus the capture 
coefficients* «, of Au, given in Refs. (1) and (2), 
differ by more than two orders of magnitude; 
the temperature dependence as well is not known 
for all the coefficients. In the Mn case, there are 
quantitative data on one of the coefficients only.) 
Therefore we continued studying the recombina- 
tion properties of goldand manganese in germanium 
in more detail. 


EXPERIMENT 

The lifetimes were measured by photoelectro- 
magnetic (tpgm), photoconductivity (rpc), and 
by the ratio methods (rc). The measurements were 
made under the following conditions. 

(1) The Hall angles were small enough. 

(2) The one-dimensional case: the length of the 
illuminated region was much more than the diffu- 
sion length; the contact regions were shaded; 
and the width of the sample was much more than 
its thickness. 

* The capture coefficient is defined as the capture 
cross-section times the thermal velocity. The lower 
index shows the type of the carrier captured ; the upper 
one, the charge state of the center before the capture. 
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(3) The linear recombination law. This was 


checked by independence of 7 on the light 


intensity. 
(4) The surface generation The 
diffusion length in all the samples in the whole 


of pairs. 


temperature range was considerably more than the 
Debye length as well as the light penetration 
length. The generation rate was determined by 


comparing the tpgm, tec and 7c values in the 
absence of trapping. The concentration of gold 
was varied from 3 x 1018 to 1-1x 10! cm~-3, and 
of manganese from 5 x 10!8 to 1-1 x 10! cm~?. 

No significant trapping was observed in the 
p-type samples. Therefore the lifetime in this 
case by the ratio method. The 
n-type samples showed strong trapping at low 
temperatures; therefore tpgm and were 
measured. The unimportance of surface recom- 
bination was checked by a special device in a 
vacuum cryostat, allowing the introduction of the 
dry nitrogen into the sample container. The re- 
combination was ascribed to bulk effects when the 
PEM and PC signals were the same both in 
vacuo and in nitrogen atmosphere. 

The mobility of majority carriers was obtained 
in all cases by Hall and resistivity measurements. 
The majority to minority mobilities’ ratio was taken 
from Ref. (6). No difference was made between the 
Hall and drift mobilities. 

The samples were cut out of the 


was measured 


TPC 


ingots 
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perpendicular to the growth direction [111]. The 
gold used had a purity of 99-99 per cent and was 
taken from two different sources. The results were 
thesame for different sources. The manganese purity 
was the same as that of gold. Dislocation density 
in the crystals used, as determined by etch pits, 
was of the order of 10-108 cm~?. 


p-TYPE 
The typical lifetime versus temperature curves 
for the two p-type samples containing gold and 
manganese are shown in Fig. 1. The presence 








1O°/T, °K 


Fic. 1. The lifetime temperature dependence in p-type 

samples. O—gold (in units of the low temperature 7 

values). @—manganese (in units of the high temperature 
7 value). 


of the two plateaus is characteristic. The lifetime 
values at each of them are inversely proportional 
to the Au (or Mn) concentration, Nz, this showing 
that the effect is really due to the impurities under 
study. 

The data obtained are in good agreement with 
the model of recombination through the two energy 
levels. The presence of the two plateaus on the 
curves of Fig. 1 means that for Mn the coefficients 
x, and «, are but weakly temperature dependent. 
The same is true for the «, in the Au case. The 
“%, temperature dependence for Au cannot be 
obtained reliably since the high temperature 
plateau is observed only in the small temperature 
range. The capture coefficients are determined 
from the relations: 


- (a2N,)-, Tno2 = (a Ne), 


(1) 


where Tno1 and tnoe are the lifetime values corre- 
sponding respectively to the low- and _ high- 
temperature plateaus. The data obtained are 
shown in Tables 1 and 2. 

Our value of «) for Au is in satisfactory agree- 
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Table 1. Gold 


Temperature 
dependence 


Value (cm? 
sec~! x 109) 


Tempera- 


ture (°K) 


Capture 
coefficient 


a? 90 


n 





~™ constant 





300 





300 


Table 2. Manganese 


Value 
(cm? sec! 
< 10%) 


Temperature 
dependence 


Temperature 


(°K) 


Capture 
coefficient 





~ constant 
™ constant 


T-45 


90 2 
300 0-4 
300 0-6 


ment with the data of Ref. (2) and is about 10% 
times less than that given in Ref.(1) Our «, value 
(at 300°K) coincides exactly with the result of 
Ref. (2); it agrees also with the value obtained in 
Ref. (1) at 90°K if account is taken of the tem- 
perature dependence observed there. 

The solid curves in Fig. 1 are the theoretical 
ones. In calculating them, use was made of the 
experimental tn91 and tno values as well as of the 
equilibrium hole concentration, po. The curves 
have as parameters the energy of the first Au (Mn) 
acceptor level and the statistical weight ratio, 
go/gi, for this level in the empty and occupied 
states. For Au, we take go/gi = 8-5), the energy 
level being determined by fitting the theoretical 
curve to the experimental data. For the six crystals 
investigated, the level values lie in the range 
0-14-0-15eV. For Mn, both parameters are 
varied; the results are quite consistent with the 
level value of 0-15 eV. The values thus obtained 
are in satisfactory agreement with the data on 
the lowest Au and Mn acceptor levels given in the 
literature®), The results just described are given 
in more detail elsewhere'?»®) 


n-TYPE 
Figure 2 shows the tpgm and rpc versus tem- 
perature curves for one of the samples containing 
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gold. The curves for Mn are analogous. In both 
cases, TpEm and rpc being equal at room and higher 
temperatures become significantly different on 
lowering the temperature. This shows that strong 
trapping of minority carriers (holes) comes into 
play. On raising Au (or Mn) concentration the 
difference between tpgm and rpc increases, that 














KFT, K 
Fic. 2. The temperature dependence of 7tpEm(@), 
tpc(O) and the trapping factor k = tpec/TpEmM(@) 
n-type gold-doped sample, N; = 3 x10!%cm~%, no = 
1:7 x10!4cm~%. The solid k-curve is calculated (see 
text). 


is the trapping becomes stronger, and at the 
same time tpgm is reduced. This means that Au 
and Mn atoms act simultaneously as trapping 
centers and as recombination centers. 

The results obtained are consistent with the 
concept that both recombination and trapping 
are due mainly to a single level, namely the second 
acceptor level (E-—E; = 0-20 eV for Au, E,— Ey = 
0:37 eV for Mn). It is known that tpgm does not 
depend on trapping and coincides with the lifetime 
of the Hall-Shockley—Read theory for the small 
trap concentration [see, for instance, Ref. (10).] 
This means that in the low temperature part of the 
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Fig. 2 we have 
(2) 


For Mn, this relation holds practically already at 
room temperature (and lower). This makes it 
possible to obtain the coefficients «> and to deter- 
mine their temperature dependence. The data thus 


tpEM = (a, NM)". 














Fic. 3. The temperature dependence of «, in the gold- 
doped (Ni = 5 x1044cm~3, mo = 1:3 X10!5cm~%) and 

(Ni = 3:7 x10!4cm-3, no = 8°5 > 
1014 cm~) samples. 


manganese-doped 


obtained are shown in the Fig. 3 for one of the 
Mn-doped samples and one of the Au-doped 
samples. In both cases, the temperature depend- 
ence fits the 7-" law. The average values of n 
and of «> at 300°K, obtained on 7 Au-doped 
samples and on 4 samples containing Mn, are 
listed in Tables 1 and 2. The «> value for gold 1s 
in good agreement with the data of Ref. (2) 
(300°K) and is consistent with the data of Ref. (1) 
(90°K). 
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To see if the «-values obtained are consistent 
with the observed trapping phenomena, we made 
a detailed camparison of the tpgm and rpc data, 
similar to that which had been done in Ref. (11). 
To this end, we studied the temperature de- 
pendence of the trapping factor 


k = tpc/Tp X TPC/TPEM- 


Using the results of Ref. (12) one easily obtains 
for the n-type samples: 
b 68P, 
14+ ——_ —_, 
b+1 dp 
where b= pn/up, Spe and dp are the added 
concentrations of trapped and free holes. On the 


other hand, 


(A) 
%5(Pot pi) + a, [no + n+ N{1—f)] 


N 


where f is the equilibrium electron occupation 
number of the level in question and the other 
symbols have their usual meaning in the Hall- 
Shockley—Read statistics. This relation reduces to 
a simple form for Au and Mn in Ge at lower 
temperatures: 


N: 
no 


(1) is known from the 
PEM measurements and the quantities N; and 
no are measured directly. Besides that in the Mn 
case f = 1 in all the temperature range in question. 
Therefore, fitting the theoretical k-curves to the 
experimental data, the «, can be determined. 
Such a comparison is shown in the Fig. 4 for the 
two Mn-doped samples. For both samples, we 
obtain We 
this to be in satisfactory agreement with the value 
4x10-1°cm sec"! obtained from the p-type 
measurements, since the experimental errors in 
determining the generation rate (PEM) and the 
mobilities’ temperature dependence might be 


Now the function « 


a, = 2x 10-19 cm3 sec“!. consider 


considerable. 

For Au-doped samples, the «,, 
dependence could not be determined reliably 
from p-type Therefore it 
obtained from the low temperature part of the 
k-curve, the «,(7') function being known. The 


temperature 


measurements. was 
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f(T) values were determined from the high 


temperature part of the tpgy-curve. Then it was 
possible to get the k(7') curve in the whole tem- 














10°/T, *°« 


Fic. 4. Trapping factor k vs. temperature for the two 

Mn-doped n-type samples. (1) Ne = 1:0 x 10!5cm-3, 

2:3 x1015cm-3; (2) Ni = 6°5 X1014cm-3, no = 

3. The solid curves are calculated (see 
text). 


no = 
1-5 x 1015 cm 


perature range. Fig. 3 shows the comparison of 
such a curve with the experimental data for one of 
the samples. In this case, too, the «, value extra- 
polated to 300°K is consistent with the p-type 
measurements up to the experimental error. 


DISCUSSION 

It is interesting to discuss the results from the 
point of view of the mechanism of elementary 
capture processes. Consider first the «, and «,.. 

The «, are most likely determined by the 
Lax’s phonon cascade process"), leading to very 
large capture cross-sections. In the «,, case, this 
is a priori not so clear since the polarization forces 
may not provide the sufficient number of excited 
states.* Comparing the magnitudes of «, and «,, 
one sees that «, for gold being considerably 


* This was pointed out by BoNCH-BRUEVICH (private 
communication). 





RECOMBINATION PROPERTIES OF 


smaller than «; is yet large enough and corresponds 
to the cross-section S} ~ 10-16cm?. For Mn, 
a, is of the same order of magnitude and is even 
bigger than «, (at 300°K). These results are 
consistent with the view that in this case the «,, 
processes proceed via the phonon cascade as well. 

For gold, the «, temperature dependence 
follows the T-” law. This agrees with the theory 
of Lax. The value of n is in good agreement with 
the maximum theoretical value (for the capture 
coefficients) nm = 3-5. Yet for Mn the experimental 
value of m is somewhat larger. 

The temperature dependence of «,, is somewhat 
weaker than that expected theoretically. However, 
it is possible that weak temperature dependences 
might be slightly distorted by errors in the mobility 
values. 

Of special interest is the comparison of «,, and 
%, values. Once the usual scheme of Au and Mn 
charge states in Ge is assumed, we might expect 
a, to be several orders of magnitude less than ~,,, 
since in view of the Coulomb barrier there would 
be no cascade process, and beside that, the electron 
transport to the center would be hampered. Yet 
the experiment shows that both in gold-doped 
and in manganese-doped samples «,, and «, are 
of the same order of magnitude; in the Au case 
a, even exceeds «,. Moreover, for Mn at 300°K 
%, iS approximately equal to « in spite of that in 
the last case the cascade process is surely possible. 
The weak «, temperature dependence also gives 
no indications as to the significant role of the 
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Coulomb barrier.* Therefore, we are led to the 
conclusion that the capture processes in the 
presence of the Coulomb barrier are not fully 
explained as yet. 
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coefficients of this type may be due to tunnelling.(!4) 


DISCUSSION 


T. E. HarTMAN: Since only one change of ambient 
atmosphere was introduced to check the effects of surface 
recombination, it is possible that the surface potential 
has been moved to the other side of the maximum in the 
S vs. surface potential curve and that surface recombina- 
tion effects are present. 


S. G. KaLasHNIKov: This seems to me quite im- 
probable because we changed the pressure of the gas 
and the results were the same. 


G. C. Dousmanis: Could the extent of difference in 
trapping between the p- and n-type cases be obscured 
by the different mobilities and their different tempera- 
ture dependence? The Landau level structures could 
effect the results differently in the warped surface and 


E 


the ellipsoidal energy surfaces, especially if high fields 
are used at the lower temperature range. 

S. G. KALASHNIKOV: We used the experimental data 
given in the literature. Possible in- 
values 


for mobilities 
accuracies in mobility cannot account for 
difference in trapping in p- and n-type samples which 
is very large. 

R. L. WituiaMs: For gold-doped germanium: 

(a) Did exponential temperature 
dependence for the 
JOHNSON and LEVINSTEIN? 

(b) Over what temperature 
cross-section temperature dependence observed? 


you observe an 


cross-section as observed by 


range was the 7J-35 


S. G. KALASHNIKOV: (a) We could not obtain the 
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S, directly because the 


temperature dependence of 


plateau of the 7 vs. 108/T curve (Fig. 1) which corre- 
sponds to this cross-section was observed only near 


room temperature. 
(b) The T-*° temperature dependence was observed 
from about 200°K to liquid nitrogen temperature. 


I. V. KARPOVA and E. G. LANDSBERG 

M. G. A. BerNarD: How were Au and Mn atoms 
introduced into the germanium lattice and what is the 
dislocation content? 

8... 
into the 
102 cm-? or less. 


KALASHNIKOV: Au and Mn were introduced 


melt. The dislocation density was about 





J. Phys. Chem. Solids 


Pergamon Press 1961. Vol. 22, pp. 51-55. 


Printed in Great Britain. 


TRAPPING AND RECOMBINATION MEASUREMENT 
BY A LIGHT MODULATION TECHNIQUE 
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Abstract—A technique is described by which recombination lifetime may be resolved from trapping 
effects. Analysis is shown by which trap capture and release times may be measured as well as 
density and energy level of trapping levels. It is shown that superlinearity in CdSe sintered layers 
arises not from “‘activation”, as described in currently held models of variation of recombination time 
with light level, but rather is associated with increase of mobility with light level. 


1. INTRODUCTION 

BotH from a practical and academic stand- 
point, it has long been recognized that trapping, 
sensitivity and time of response are intimately 
related in photoconductive processes. In particular, 
for the simple case of a single current carrier 
(electrons in CdSe), the conductivity may be 
written: 

o = eu7,(al)B (1) 
where e is the charge on the electron, pz the electron 
mobility, 7; the recombination lifetime of electrons, 
a the optical absorbtion coefficient, J the light 
intensity and f the quantum efficiency. Response 
time is defined by the differential equation: 
dn 


dt 


where n is the density of electrons in the con- 
duction band and 79 the response time. Equation 
(2) should determine n for at least a short time 
interval after the exciting radiation is turned off. 
Rose") pointed out that 79 is related to 7; by: 


DkT 


Tmo = tr (1+ ? 


1 


where D is the density of carriers at the quasi 
Fermi (Q.F.L.).* directed at 


* BRozER and WARMINSKY give a detailed statistical 
argument supporting equation (3). It can also be shown 
quite simply that for traps all well above the Q.F.L., 
t = 7r(1+h/n), where h = number of trapped electrons 
per unit volume. 


level Theories 





explaining the super- sub- and linear dependence 
of o on J have concentrated on models that result 
in assignment of responsibility for these variations 
to tr. Unfortunately measurements of 7; thus far 
reported have been indirect. For example, if », « 
and f are known, 7; can be found from equation 
(1). The difficulties are obvious. If there were no 
traps, or if DkT/n were very small, then equation 
(2) could be used. This relation predicts ex- 
ponential variation of m with time, a behavior 
generally observed either for very small time 
intervals or very high light intensities. As a matter 
of fact, NrexiscH) used equations (2) and (3) 
and an a.c. light method to measure D as a function 
of the depth below the conduction band.+ We 
have extended NIEKISCH’s technique to show how 
examination of the a.c. response as a function of 
frequency can yield trapping times, recombination 
lifetime and trap concentrations. 


2. THEORY 

In NIEKISCH’s earlier work?) two assumptions 
were necessary: (a) 7, is independent of light level 
and (b) mobility is independent of light level. In 
general if these assumptions were valid, conduct- 
ance vs. light intensity curves would be linear 
a condition rarely seen in a photoconductor. In 
fact, a good deal of effort has been directed at 
finding models to explain the wide variety ot 





+ The relations between noise measurements and 


response to sinusoidal variations of light are discussed 
in Ref. 2. 
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slopes of log o vs. log I plots observed. In addition, 
Buss and MacDona_p®) showed recently that » 
also varies with light level. This has been con- 
firmed by Fow er) in this laboratory on samples 
similar to those on which our experiments were 
performed. It is important to unravel the various 
factors that contribute to the observed photo- 
conductive response. 

The model under examination is that shown in 


Fig. 1. It is assumed that the single trapping 


CONDUCTION BAND 





RECOMBINATION 
PROCESS 
—y— 


, 


VALENCE BAND 





Fic. 1. Transitions considered in this treatment. 


level is in contact with the conduction band 
(C.B.), but not the valence band. In addition, it 
is assumed that the dependence of recombination 
rate on the density of trapped electrons is a higher 
i.e. the recombination rate for small 
Using the 


order effect 
signal theory depends only on n. 
SHOCKLEY—READ"®) relation for this 
differential equation governing both conduction 


case, the 
electrons and trapped electrons can be written: 


dn dh 
—f(n)— —+F 
at 


—hN,Sv exp(— E/kT)+n(H—h)Sv 


where: 

f(n) describes the dependence of recombination 
on n, 

h, the density of trapped electrons, 

F, the electron generation rate via optical ex- 
citation, 

Ne, the effective density of states in the C.B., 
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S, the capture cross-section of the traps for 
electrons, 

v, the average thermal velocity of electrons in 
the C.B., 

H, the density of traps at a depth Z£, 

E, the depth of the trap below the conduction 
band. 

If now we assume an incremental change in F 
of 5F and write F=Fo+6F, n= no+86n, 
h = ho+6h, then equations (4) and (5) become 
to first order: 


d(no) d(on) F 
i ™ = —f(no)—dnf"(no) 


at dt 
th d bh 
ee 
at dt 


d(éh) 


dh 
- 
at at 
= —hoN,Sv exp(— E/kT) —5hN_Sv exp(— E/RT) 
+ no(H —ho)Sv+6n(H —ho)Sv—nodhSv. (7) 
If all the zero subscripted quantities represent 
steady state values, then 
dno dho 
- = 0 and f(m) = Fo 
dt at 


also, 


hoNeSv exp(—E/kT) = no(H—fo) Sv 
Now letting, 
dF = F, exp(twt) 
bn = ny exp(iwt) 
5h = hy exp(twt) 


and taking relations (9) into account, it follows 


directl y 
FP; 
ny = (10) 


wo +tw[1 + w2/(w1+1w)] 


where 


7 
wy = f' (no), Ww) =( )HSe, w = (H—ho)Sv 
ho / 

(11) 
In the simple case that f(mo) = no/7;, and ty is 
independent of 9, wo = 1/7. In the case that the 
trap is well above the Q.F.L., w; represents the 
represents the 


trap release frequency, and we 
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trapping rate. When there are many trapping 
levels the term we2/(w1+7w) in the denominator 
of (10) is replaced by a summation of appropriate 
w’s, or for the continuous distribution case by an 
integral. 

The cases previously described in the literature 
deal with w; and we > wo. Then if measurements 
are carried out at frequencies below w; and we 
where w < w}, equation (10) reduces to: 

Fy 
ny = nai 
wo+ tw[1 +(we/w1)] 





(12) 


For the case of a trap well above the Q.F.L., 
(H—ho) + H and w,/w; = ho/no. The behavior 
described by equation (3) is predicted; i.e. a 
photoconductor with a response time of 
7 = Tr[1+(ho/no)]. This is the case treated 
originally by Nrekiscu. In a more recent publica- 
tion, he extended the work to larger w,(w > w1), 
but assumed that 7, and the electron mobility 
were not a function of m. The results we have 
found are at variance with those predicted by 
NIEKISCH from his assumptions with respect to the 
variation of m; with frequency. 


3. EXPERIMENTAL RESULTS 

The measurements reported were made on 
sintered CdSe doped with 100 p.p.m. Cu. The Cu 
was added in the form of CuCle. In addition, 
CdCle was used as a flux so that the Cl content 
of the samples was not controlled. Measurements 
of impedance vs. frequency were made to look 
for barrier relaxation effects. In the frequency 
range and light levels of interest in this experiment 
no relaxation effects were observed. In addition, 
preliminary examination of a Cu-doped CdSe 
single crystal gave the same qualitative results as 
those reported here. 

The sample thickness was large compared with 
an absorption length. The effect of the non- 
uniform distribution of carriers on the quantitative 
results can be calculated, and has been included in 
the stated results. Measurements have been made 
over a wide range of wavelengths—all of which 
showed the same qualitative behavior. Actual data 
shown here are either taken from an unfiltered 
neon lamp or with monochromatic light at 6000 A. 
The neon lamp is a handy source for CdSe since 
its spectrum matches the CdSe response reasonably 
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well and it has the added advantage that it can be 
easily modulated. 

There are several cases of interest. The simplest 
is that in which wo > w; and we, and we/w, < 1. 
This will be the case for very deep traps or traps 
located below the Q.F.L. Effectively in such a 
case the traps do not contribute to the dynamic 
response and equation (12) reduces to 


(13) 


ny = ——— 


and the normalized amplitude R becomes 


ny(w > wo) 


F, lw Wo 
-— =——_-=—._ (14) 
n(w < wo) lw 


When R is plotted as a function of 1/«, it is obvious 
that the slope gives wo. Fig. 2 shows three such 





0:20 


f(9=45°) 
53cps 


I___ Slope 
lO4zW/cm* 53 cps 

















Fic. 2. Gi(w > wo)/Gi(w < wo) vs. w. Gi & my. It can 
be shown that the fact that m; actually varies with depth 
of penetration of the light leads to a slope of [7r(Jo)]~1 


where 7r(J) is defined by n(J)/7r(1) = f(n). 


plots for three different light intensities. In 
addition, when w = wo, a phase shift of 45 
between ; and F is observed according to equation 
(13). The agreement is excellent. 
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A more interesting case is one in which 
w2/w, > 1, and w; and we > wo. In this case, 
if the magnitude of the inequality is large, two 
(n; x 1/w) regions are observed, one following 
equation (14) and the other giving a slope of 
wo(1+ we/w;)~1. If the frequencies are not very 
well separated, the two regions are not resolved 
and only the former is observed at w > we. A 
more typical plot is shown in Fig. 3. For a case 
such as this, the relative phase between mn; and F; 
is most sensitive to the exact values of wo, w, and 
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wo and H, but the results are tentative and will 
not be reported at this time. 

On the other hand, 7,(Jo), the value of 7, for 
small attenuation, can be found from exploration 
of G; at high frequencies (as in Fig. 2). It can be 
shown that 


where G is the conductance per square, Jo the 





~ 100 


G 
= VS FREQUENCY 
0 


. ee) ae 
1000 
FREQUENCY (cps) 


Fic. 3. Gi/Go vs. f for the Q.F.L. 0:3 eV below the C.B. J = 0°6 «W/cm?. 


wo. Because the conductance 
Zo 
Gi =| mepdz 


0 


(an integration performed over the sample thick- 
ness) is the experimentally observed quantity, no 
simple phase relationship can be expressed except 
for the simple case where wo is widely separated 
from w , and ws. For this case, internal consis- 
tency with the model is observed. (See Fig. 2.) 
Work is in progress on many samples including 
single crystals which will lead to values for wy, 


incident photon flux and p(Jo) is the mobility for 
the case of small attenuation (or that near the 
surface of the photoconductor). Fig. 4 shows 
dG/dIq and 7,(Io) for two different samples. The 
G vs. Ig data show a superlinear region at the 
lower light intensity. We must conclude that 
the observed non-linear behavior is associated 
with a variation of mobility with light intensity, 
not with “‘activation”’ described in terms of recom- 
bination passing from “‘fast’”’ to “‘slow’ recom- 
bination centers. In the region of slow variation 
of 4, where we have Hall mobility data,“ the re- 
sults agree; i.e. inserting measured yu and assuming 
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Fic. 4. dG/dIo and rr(Io) for two different samples. 


a quantum efficiency of one, agreement with 
equation (15) is found. 


4. CONCLUSIONS 

Since variation of photoconductance with light 
intensity has been explained in terms of variation 
of recombination lifetime, it is important to 
measure this quantity independently. A method has 
been described by which 7; can be found directly. 
From the results found it is concluded that current 
models of photoconductor “‘activation” are in- 
complete. 
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DISCUSSION 


Var: der MAESEN: You reported changes in mobility 
and in lifetime as functions of intensity. Due to what 
mechanism in your experiments were the changes in p 
occurring? 


S. TRIEBWASSER: This question is dealt with at length 


in papers.* 


*Pp. 173 and 181 of this issue. 
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Abstract—A description is given of a calculation of the recombination of electrons in the conduction 
band of a semiconductor with ionized donor impurities. The process which we assume consists in 
the initial capture of the electron in an excited state of the donor center followed by a transition to 
the ground state. This mechanism is most effective in the case in which all transitions are accom- 


panied with emission or absorption of phonons. 


The results obtained are compared with earlier theoretical calculations and with experiments. 
The agreement between the present theory and experiment is reasonably good and is displayed 


in Fig. 1. 


Ir 1s the purpose of this paper to review some 
theoretical calculations and the experimental data 
regarding the processes of recombination of con- 
duction electrons with donor centers in semicon- 
ductors. 

Calculations of the recombination cross-section 
of electrons and donors in germanium and silicon 
have been made by GuMMEL and Lax") and by 
Scar and Burstein), In the first of these calcu- 
lations, the direct recombination of an electron 
in the conduction band and a ionized donor is 
considered to occur with the emission of a phonon. 
The final state of the electron is the ground state 
of the impurity center. The interaction between 
the electron and the phonon field is described by 
means of the deformation potential F}. 

The result of this work can be expressed in 
terms of a cross-section for the recombination 
process given by the equation 

2567Et hic? , 
parOERT “7 


Here cs is the longitudinal sound velocity, p the 
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density of the semiconductor, # is Planck’s con- 
stant divided by 27, k is Boltzmann’s constant, and 
T the temperature. The quantities a* and £; are 
the effective Bohr radius and the ionization energy 
of the ground state of the donor center. ‘They are 
given by 
Kh? 
r* 


( 


and 


K is the dielectric constant and m* an effective 
mass which describes the response of the electron 
to external forces in the presence of the crystal 
potential. 

ScLtaR and BursTEIN’) obtained the 
section for direct recombination of electrons with 
ionized impurities accompanied by the emission 
of a single infra-red photon by scaling the known 
result for hydrogen,®) taking into account the 
etfective mass and the dielectric constant of the 
lattice. Their result is: 


cross- 


og = 1:71 x 10-18K1/2 | — 
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where £; (eV) is the ionization energy of the donor 
expressed in electron volts. 

The temperature dependence and the magnitude 
of the cross-section calculated either by SCLAR and 
BURSTEIN or by GUMMEL and Lax are in disagree- 
ment with the experimental result shown in 


Fig. 1. 

















Fic. 1. The result of our calculation, Ref. 7, is shown 
as a solid line for both As and Sb donors in germanium. 
A hydrogen model of the impurity was used. LAx’s 
calculation, Ref. 5, is also shown. It has been multiplied 
by a factor 9-5 to account for the + valleys of the con- 
duction band of germanium and a factor 2-38 to correct 
for the dielectric constant of the material, 16 rather than 
12 as used in Ref. 5. This last correction is probably 
over estimated. The experimental points are: 
+ n-WLB 28-6 (Ref. 9); A n—WLB 28-6 (Ref. 10); 
BTL—1 (Ref. 10); O As LL2 (Ref. 10); 
@ Ref. 5. Fig. 7. 


Sciar and Burstern®) also calculated the rate 
of impact recombination by scaling the result 
obtained for atomic hydrogen™) and by using the 
principle of detailed balance. Again the rate of 
impact recombination is much too small to account 
for the experimental result. It might become the 
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leading recombination mechanism for densities of 
the order of 10! or 101% carriers/cm, but there is 
no experimental evidence to support this point of 
view. 

For germanium, taking £) = 20 eV, cs = 5x 
10° cm/sec, p = 5-36 gm/cm’, and K = 16, we 
find a* = 385A and EF; = 1:17x10-2eV. At 
4°K, op = 5-4x 10-15 cm? and op = 4:15 x 10-19 
cm?, 

Lax) introduced a new approach to the prob- 
lem when he realized the importance that the 
capture of an electron in an excited state should 
have in the recombination process. Lax described 
the excited states of the donor as a continuum and 
studied the diffusion of an electron from an 
excited state into a tightly bound state. This 
approach is similar to that used by THomson'®) 
to describe the recombination process in a low 
pressure gaseous discharge. Lax’s idea is that if an 
electron looses sufficient energy in a collision with 
a phonon when it is in the vicinity of an impurity, it 
will be captured in a bound orbit. If the binding 
energy of this excited state is larger than 3/2 RT, 
our electron will continue loosing energy until it is 
finally captured in the ground state. If we call R 
the distance from the ionized center of the point 
at which the electron experiences an energy 
loosing collision, A the electron mean-free-path 
for a collision with the emission of a phonon and 
3/2 kT the average thermal energy, the radius Ro 
of a sphere that limits the region in space where 
electrons that emit a phonon will be eventually 
captured by the ionized center is 

e” 3 


(5) 


The probability for an electron crossing a sphere 
of radius R to experience an energy loosing 
collision is 4/3 R/A, so that the capture cross- 
section in a sphere of radius Ro is 


(6) 


Besides the energy loosing collisions, there are 
also those in which an electron that is bound in an 
orbit whose radius is R < Ro gains energy and is 
excited into an orbit whose radius R > Ro and 
finally returns into the conduction band. Lax’s cal- 
culation considers the influence of both types of 
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collisions that can take place along an electron 
orbit. They provide an effective mechanism for 
the diffusion of the electron towards more tightly 
bound states. In Fig. 1, we display the result of 
Lax’s work multiplied by a factor 4 to take into 
account the four valleys of the conduction band of 
germanium and another factor (16/12)? to con- 
sider the effect of the dielectric constant of ger- 
manium which is 16 rather than 12 as used in 
Ref. 5.* 

We wish to present the result of a simple calcu- 
lation which appears to give good agreement with 
the available experimental data. 

Our model envisages the recombination of an 
electron with a donor as follows: initially the 
electron is captured in an excited state, j, with the 
emission of a single phonon. The average capture 
cross-section associated with this process is desig- 
nated by o-(j). Subsequently the electron can either 
experience a transition to a lower lying state, again 
with the emission of a phonon, or it can be excited 
back into the conduction band. In view of the 
much smaller density of states, the electron in a 
state j has a small probability of making a transi- 
tion into a higher excited states as compared to 
that of being excited into the conduction band. We 
will call sticking probability S;, the probability 
for an electron that has been initially captured in 
an excited state j to remain bound to the impurity 
center rather than being excited into the conduc- 
tion band. The total recombination probability is o 


a => o¢(j)Sj. 
j 


Throughout this calculation we assume spherical 
effective masses and that the electron—donor 
system can be described by a hydrogenic model. '®) 
Each excited state, j, of the system is represented 
by the quantum numbers (n,/,m) that correspond 
to the usual assignment of quantum numbers for 
the eigenstates of the hydrogen atcm. S-states will 
be denoted by their principal quantum number, 1, 
only. 

The rate of capture of electrons into a donor 





* To correct Lax’s calculation assuming that the re- 
combination cross-section varies as K® is an over 
estimate being that the mean-free-path, A, is such that 
an electron must loose at least an energy (e?/2K Ro). Ais 
thus a function of K. 


state j is: 
vj = V(Natn) | den()f(e)v od je) (7) 


= V(N4+n)n<v> o¢()). (7a) 


o¢(je) is the cross-section for the capture of an 
electron with velocity v and energy « in a state J, 
f(e) is the Fermi distribution, E, is the energy of 
the electron at the bottom of the conduction band 
and V the volume of the crystal. The second 
equality defines the average cross-section, o¢(), for 
the capture of an electron in a state 7. N4 and Np 
are the concentrations of acceptors and donors 
respectively. 

The number of electrons excited per unit time 
from the state j into the conduction band is: 

vy’ = VNDB;. 


(8) 
In thermal equilibrium, we must have vj = vj’. 
B; is the probability per unit time for an electron 
in the state j to be excited into the conduction band. 
The quantity N¥) is equal to the number of 
donors per unit volume that have an electron in 
the jth state. From equations (7) and (8) using the 
condition of detailed balance, we obtain 


Nol N 4+ Mo) <v) 


oe j) = ——— (9 
where f; is the probability that the state j is occu- 
pied and ,, is the density of electrons in the con- 
duction band when the system is in thermal 
equilibrium. The latter quantity is given by: 


Noo = Ne ex - (10) 


with 


(m*RT \ 3/2 
2 met 


2rh2 , 


Ne (11) 
The quantity € is the Fermi energy. After some 
simple transformations, we get 


od) = — 


Pf ) 
m*(kT) 


—— on 
P kT 
I; is the ionization energy of the jth state. 


I; = E.—E; 
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To estimate o¢(j), we must assume a detailed 
mechanism that is responsible for the capture of 
the electron in the excited state. We assumed that 
this mechanism is a process in which a single 
phonon is emitted. 

In the deformation potential approximation, ; 
can be obtained in a straightforward manner using 
the Born approximation. For the states of the 
electron in the conduction band, we use Coulomb 
wave functions rather than plane waves. More 
details are given in Ref. 7. 

The second step in the work consists in the 
computation of the sticking probability S,. If 
qwj;, is the transition probability per unit time that 
an electron will make a transition from state j to 
state j’, the probability that an electron, that is in 
state j, will be excited into the conduction band is 


approximately, (see Ref. 7) 


“ 
a ; " 
j > wi +B; 


(14) 


and 


S;+P; = 1. (15) 


The transition probability with emission of a 
phonon, for the transition between n—s states is: 


64E 2h 


mpa*8—? (n—n')? (n+n’)3 


(n'n) 


hon n 1 


x | 1l—exp-— ‘Tr 


where n’ < n and 


wan = E;| : _ ). 


n= m2 (17) 
We have considered only transitions between s- 
states as these are much more probable than 
transitions between states of other symmetries. 
We have calculated S, for different values of n. 
We used the value of E; given by equation (3) 
except for the ground state where we used the 
experimental value for each donor. E, = E;/n* 
with E; obtained from equation (3); a* is given by 
equation (2). In view of the dependence of the 
ionization energy on the donor impurity, wp; will 
depend on the type of donor. The importance of 
the different terms that contribute o is shown in 


ASCARELLI and S. RODRIGUEZ 


Fig. 2 for T = 4°K for the case of Sb donors in Ge. 
Sy, is also shown for As donors. 

We can now attempt to take into account, in 
first approximation, the actual band structure of 
germanium. 

If we assume that the transition probability of 
an electron, that is in the ath (a = 1,2,3,4) 
minimum of the conduction band, to the donor 
bound level made out of Bloch functions of the 
«'th minimum is the same whether « is equal to 
x’ or not, then the recombination cross-section in 
a multi-valleyed semiconductor is: 


(c) multi = (¢)spherical X (number of valleys) 
valley 

In the case of germanium, we have four valleys. 
The result of our calculation for a simple band 
multiplied by 4 is plotted in Fig. 1, together with 
the experimental results available. ‘The tempera- 
ture dependence of the cross-section we calculated 
agrees with Lax’s at temperatures below 4°K. This 
is due to the fact that at low temperatures more 
excited states contribute to the capture cross- 
section and the energy loss per collision is still 
small (m*c? < kT) so that diffusion theory is a 
good description of events. At higher tempera- 
tures, the discrete character of the excited states 
of the ionized center are important and there is a 
large disagreement between the temperature de- 
pendence of the recombination cross-section 
predicted by both theories. At low temperatures 
(m*c2 >kT) both approaches should again 
diverge in view of the large fractionary energy loss 
of the electrons. 

We may now attempt to speculate on how the 
recombination cross-section should change in the 
case of hot electrons. 

Another process begins to compete with the 
ionization of an electron in an excited state of a 
donor: impact ionization. 

The capture cross-section should then be calcu- 
lated in two cases: 

(a) capture with emission of a phonon (¢¢)7 (in 
which case the calculation presented in this paper 
should be modified to take into account the hot 
electron distribution), 

(b) capture by means of an Auger process (¢¢). 
The ionization mechanism corresponding to this 
type of capture will profoundly influence S; when 
the applied electric field is varied. 
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Example of the result of our calculation for different 


bound states at 4°K. The sticking probability is given for both 
Sb and As donors. The experimental bound states as well as the 
values of m in our simple hydrogen model are shown in abcissa. 


If we call y; the average probability of impact 
ionization of an electron in the jth bound state of 
the donor, we have 

(Bi)r = yin, (19) 
> ii 
. al) 
S; = ———_—_,, (20) 
By+nyj+ Di 


Two simple cases can be envisaged: 


(a) = Wij, < B; < nyj and (oc)r < (oe)1 
ii 


(b) S wy; < my; < By and (o¢)7 < (ae)r. 


Jai 


Since o¢ is proportional to the corresponding 
probability of ionization, we see that both in case 
(a) and in case (b) the rate of disappearance of 
electrons from the conduction band will appear 
to be bi-molecular. It will be difficult to recognize 
the importance of an Auger recombination on the 





62 G. ASCARELLI and S. RODRIGUEZ 


basis of the rate of disappearance of electrons from . Sctar N. and Burstein E., Phys. Rev. 98, 1757 
the conduction band. (1955). 4 
In the calculation of the recombination process ~~’ Barus H. A. and Sauraren E., Quantum Mechanics 
e ; ; i ‘ of One- and Two-Electron Atoms. Academic Press, 
by means of the mechanism described in this New York (1957). 
paper, it is easy to take into account hot electron . Mott N. F. and Massey H. S. W., The Theory of 
Atomic Collisions (2nd Ed.), p. 247. Clarendon 
lating o- should be changed from a Fermi toa hot Press, Oxford (1949). 
electron distribution 5. Lax M., Phys. Rev. 119, 1502 (1960). . 
a . Tuomson J. J., Phil. Mag. 47, 337 (1924). 
In the Auger process instead, the effect of the . ASCARELLI G. and Ropricuez S., Phys. Rev., to be 
electric field will be much more important be- published. 
. Koun W., Solid State Physics, (F. Seitz and D. 
have an energy sufficient to ionize an electron in Turnbull, editors). Vol. 5, p. 258. Academic Press, 
ae New York (1955). 
the state j, i.e. yy. . Koenic S. H., Phys. Rev. 110, 988 (1958). 
. ASCARELLI G. and Brown S. C., Phys. Rev. 120, 
REFERENCES 1615 (1960). 


1. GumMet H. and Lax M., Phys. Rev. 97, 1463 (1955); 
Ann. Phys. New York 2, 28 (1957). 


effects. The electron distribution used in calcu- 


cause it determines the number of electrons that 





J. Phys. Chem. Solids 


Pergamon Press 1961. Vol. 22, pp. 63-72. 


Printed in Great Britain. 


ON THE ENERGY DEPENDENCE OF THE ABSORPTION 


CONSTANT AND PHOTOCONDUCTIVITY 


A 
LS 


NEAR 


DIRECT BAND GAP 


J. J. HOPFIELD 


Bell Telephone Laboratories, Inc., Murray Hill, New Jersey 


Abstract—The absorption of light by a crystal in a spectral region in which direct excitons are 
observed can best be described as the creation of some (generally complicated) final state by an 
optical transition through an intermediate exciton state. The energy of the intermediate states de- 
termine the absorption line positions, but it is the final states which determine the line shape and are 
of interest in photoconductivity. A formalism is developed which expresses the absorption line shape 
in terms of an energy-dependent line width, whose form depends on the final states. This point of 
view is used to discuss some exciton line shape and photoconductivity experiments in CdS and 


Cu20. 


1. INTRODUCTION 

THE CALCULATION of the photoconductive re- 
sponse of a crystal to light of a given energy can 
be divided into two parts. The first is the problem 
of what changes are made in the crystal electronic 
states by the fundamental process which causes 
the absorption of the light. The second is the 
calculation of the change in conductivity due to 
the generation of these changes in the crystal 
electronic states. The present work concerns the 
first of these problems for crystals having a direct 
band gap in the energy region in which exciton 
absorption lines occur. 

Section 2 is devoted to the form and interpreta- 
tion of the absorption constant in the vicinity of an 
isolated exciton. In Section 3 the form of some 
particular absorption lines is discussed as an aid 
to understanding the meaning of the formalism. 
Section 4 contains a brief discussion of the 
application of this interpretation of the absorption 
constant to photoconductivity, with the example 
of CugO discussed in detail. In Section 5, a re- 
minder is given that the superposition of absorp- 
tion constants due to different processes or 
different excitons is not always additive, and an 
example in which this nonadditivity might have 
already been observed is presented. 
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2. THE ONE-EXCITON WEAK COUPLING LINE 
SHAPE 

We will consider an idealized system in which 
the exciton absorption lines are well enough 
separated that each can be considered individually. 
It will be initially supposed for simplicity that the 
exciton under consideration is formed from non- 
degenerate bands. In the one-exciton approxima- 
tion, the electronic energy band structure of the 
crystal consists of a point (the ground state) and 
an exciton band as shown in Fig. 1(a). There are 
in addition phonon states in the crystal, and a 
coupling between the excitons and phonons. There 
is an optical matrix element of the light between 
0 exciton 


the crystal ground state and the k 
state. Phonon coupling between the crystal ground 
state and the exciton states plays a negligible role, 
and will be omitted. 

With no phonon interactions in a_ perfect 
crystal, such a model would yield for the imaginary 
part of the dielectric constant a 5-function at Eo, 
whose oscillator strength we assume to be /o. 

By supposition, the ground state of the crystal 
with an arbitrary number of phonons is an exact 
eigenstate of our problem. Let such a state be de- 
noted by ¢;, having energy E;, where 7 is an index 
referring to the phonon coordinates. Let yy be an 
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exact eigenstate of the crystal when one exciton is 
present. These states have energy Ey. The sub- 
script f is understood to label the exciton wave 
vector and all phonon coordinates. For an initial 
state 7, the oscillator strength at energy E is then 


fa) = fo >| Hiolfy> P(E+EE), (1) 
J 
where state Yo (not an eigenstate) is the state 
obtained by creating an exciton of wave number 
zero keeping the phonons present in state ¢j. 
The factor f, represents the oscillator strength 
of the transition 4; —> uj. The other two factors 
simply project this oscillator strength on the 
eigenstate f having an energy E+ Ey. 
It is convenient to take the Fourier transform 


of (1). This yields: 


x 
fo 


fi{E) = ( . diol py exp (1Eyt hye 


2ch 


x exp[—1(E;+ E)t/h]big dtd. (2) 


Making use of the fact that yy is an exact eigen- 
state, Ey can be replaced by the Hamiltonian H, 
and the sum of f performed to yield: 


fo 


[<b 
2th - 


bio| exp [1(H—E,—E)t/h]|io> dt 
J : 


or alternatively, 


fi(E) 


Re | <biolexp[—i(H—E;—E)t/h] 


0 


r 
7TH 


x Wig» at (4) 


where by Re is meant the real part of the integral. 
A similar form was derived by ‘Toyazawa™), 
To solve (4), it is necessary to find the solution 
of 
Ix 
(H—E;—E)x = th- 
ct 
for y = io at t= 0. Only the weak-coupling 
problem is tractable in general. For the weak- 
coupling problem, an adequate solution to this 
problem is the Wigner—Weisskopf solution.) 
Let Wiz represent the set of bare exciton and 
phonon states, of which one is of course yo. The 
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Fic. 1(a). E(k) for the crystal electronic states in the one 

exciton problem. (b). The E(k) for the exciton states of 

the New Hamiltonian # for calculation of the line 

width at energy FE. The exciton k = 0 state has been 

removed from its band, while all other states are un- 
modified. 


K k-—, 


solution to this problem is then: 


i 


( T(E) 
7) (E—E,—V AE) 2+ (T(E)P 


where I’; and T; are in turn given by 


ity 
C,+i1l; = 4 
kt 

i’k#to 


| Xio|H|x-x [? 
Ey p—-E—Ejiot+ le - 
(7) 


lim e > 0 


For the expectation value of f() at a given tem- 
perature, it is of course necessary to average over 
a thermal distribution of initial states 7. 

When the absorption constant is due to a single 
exciton, (6) and (7) are a special case of a more 
general weak-coupling result. Let the exciton be 
scattered by anything whatsoever, into other 
exciton states, into free electron hole pairs, or any 
other final state. The energy dependent width and 
level shift is then given by the solution to the 
following problem. Define a new Hamiltonian /, 
identical to H except that the k = 0 exciton state 
is assigned an energy lowered by (£,—£). The 
real part of ['(£) is simply the energy shift of the 
k = 0 exciton state due to the perturbation. I; is 
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h- times the rate of amplitude decay of the k = 0 
exciton state under #, or (2h)~1 times the transi- 
tion rate out of the k = 0 state under the action 
of #. The exciton energy levels for H are shown 
in Fig. 1(b). 

It is important from the point of view of photo- 
conductivity to note that the electronic states 
which should be considered as being generated in 
the optical absorption process are also the final 
states of the W problem. 

In most problems, the type of observations 
made are not sufficiently sensitive to detect the 
changes in I’,. For practical purposes, £,+I';(£) 
can be replaced by the observed energy of the 
maximum of the imaginary part of the dielectric 
constant. 

For most physical problems, the nature of the 
real final states makes dI(E)/dE less than 1. In 
such a case, the center of an absorption line will 
appear Lorentzian, while the wings may not. 

The simplest application of (6) and (7) lies in 
the area of lattice vibrations. Equations (6) and (7) 
apply equally well, of course, to optical mode 
vibrations. Consider a simple model of the lattice 
absorption of a polar crystal. Assume that there is 
no second-order dipole moment, but that an- 
harmonic forces are present. Then the imaginary 
part of the dielectric constant should be very 
nearly Lorentzian near the Restrahl frequency. 
The width of the absorption Lorentzian is given 
by (7) with E= hwtransverse optical, and is 
provided by anharmonic phonon scattering. Away 
from the Restrahl frequency, the absorption con- 
stant (really, always, the imaginary part of the 
dielectric constant) will still be given by (6), but 
I; can be neglected in the denominator. At 
energies such that the two-phonon density of 
states is large, I°;(#) will also be large. The ‘‘com- 
bination bands”’ are thus also given by (6), when 
I’ is calculated as the solution to the ¥ problem. 
The advantage of (6) and (7) is that they treat 
resonance and off-resonance energies at the same 
time. 

Actually, (6) and (7) applied to lattice absorption 
do not give the complete answer, because of the 
initial supposition that the coupling between the 
crystal states having no excitons and the crystal 
states in the presence of excitons could be ne- 
glected. This supposition is not satisfactory when 
I'(E) is to be calculated at distances away from é 


F 


comparable with Ep, as is desired for the calculation 
of combination bands in lattice vibrations. For the 
absorption due to excitons, however, I'(£) is im- 
portant only in energy regions for which 
|E—E,|< Eo. The neglect of the phonon coupling 
between crystal states having no excitons and 
crystal states with excitons present is completely 
analogous to approximating the actual imaginary 
part of the dielectric constant of a damped har- 
monic oscillator 





a procedure well justified for |w—wo| < wo. 


3. THE FORM OF I(£) FOR A TYPICAL EXCITON 
Figure (2) shows the experimental forms of 
I'(E) for the n = 1 exciton state in CdS formed 
from an electron in the conduction band and a 
hole in the top valence band at 77°K. I'(£) is 
plotted versus E—E,, the amount of energy by 
which the k = 0 state is suppressed in Fig. 1(b). 

For the exciton band of lowest energy, I'(£) will 
generally be characterized, like the data in Fig. 2, 
by a rapid drop-off for small £. The reason for this 
is clear when reference is made to Fig. 1(b). For 
E,—E > 0, phonons must be found to supply 
energy E,—E. For E,—E > kT, I(£) will tend 
to drop exponentially with decreasing F. Analogy 
might be made between Fig. 1(b) and the energy 
level of a donor below a conduction band. ['(£) is 
exactly analogous to the rate at which the donor 
state ionizes, which tends (under suitable approxi- 
mations) to decrease exponentially with binding 
energy. 

At least a part of the detailed structure of I'(Z) 
can be quantitatively understood. At 77°K there 
are still a few longitudinal optical phonons around, 
having an energy of 0-038; eV. These scatter the 
exciton quite strongly, and, of course, give rise to 
a I(E) which has a threshold at E+hw; = Ep. 
The experiments of THomas et al.) showed that 
(EZ) behaves like a function of energy multiplied 
by exp (—/w;/kT) (over the energy range between 
E—E, = 0-0385 eV and E—E, » —0-018 eV) as 
would be expected for such a process. Diez et al. 
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Fic. 2. The experimental form of I'(£) for the lowest 
exciton state in CdS at 77°K. Energies are measured 
in electron millivolts from the exciton line. The data 
below —18 is from the absorption spectrum measured by 
Tuomas et al.'*), The point at the exciton energy was 
measured in reflection by THomas and Hoprie._p"). The 
region between —5 and —15 was filled in by a tempera- 
ture extrapolation of measurements by Dutron'®), and 
is only qualitatively correct due to the difficulty of extra- 
polation. The dashed line represents the theoretical 
form of I(£) for intraband optical phonon absorption. 
The point of possible onset of intraband optical mode 
scattering is indicated by the arrows. 


have observed similar behavior in ZnO. The cal- 
culated form of I'(£), according to the expression 
given in Ref. (4) is shown in Fig. 2 by the dashed 
line. 

At higher energies, more processes which in- 
volve the absorption of a longitudinal optical 
phonon become possible. At the threshold 
marked A, scattering of the n = 1 exciton state of 
the top valence band into the = 1 state of the 


second valence band becomes energetically 
possible. At the threshold B, intra-exciton band 
scattering becomes possible from the 18S state of 
the top valence band to the 2S and 2P states of 
the top valence band. 

The sharp rise in [(£) above E—E, = —20 is 
probably due to acoustic two phonon processes. 
When E,—E approaches kT, but kT < hw), these 
processes would be expected to become important. 
In CdS, two phonon acoustic mode scattering by 
the piezoelectric effect is probably the most im- 
portant mechanism of scattering at 77°K in the 
energy range from —10 to +20meV. For 
E,—E > —kT, it is easy to find phonon combina- 
tions which will conserve energy, and the sharp 
rise in T(E) will flatten off. For E » Ej, T(E) 
will in general increase slowly, varying only 
algebraically with energy. 

Single phonon acoustic mode scattering does 
not give an appreciable contribution to I'(£) over 
at least the range covered in Fig. 2. The process 
is energetically possible when E— E, > —$/MU2, 
where M is the total mass of the exciton and U the 
velocity of sound. The density of states for the 
process near E = Ep is extremely small. In CdS, 
the two-phonon acoustic phonon-exciton intra- 
band scattering is large because of piezoelectric 
coupling to the electron and hole. Piezoelectric 
scattering, however, does not contribute to one- 
phonon intraband scattering of excitons. 

Over the energy range from the optical phonon 
threshold to E— Eo equal to 10 or 20 meV, what is 
generated by the optical absorption is essentially 
always the n = 1 exciton state. Different energies 
in this range, however, do correspond to the 
generation of excitons having different kinetic 
energies. 

The form of ['(£) shown was to a great extent 
influenced by the fact that the lowest energy 
exciton state was investigated. All higher exciton 
bands can make transitions by single acoustic 
mode phonon emission to lower energy exciton 
bands. For such transitions, ['(£) would be much 
more nearly constant in the vicinity of the exciton 
energy. 

Moser and UHRBACH’s rule?) of the form of an 
optical absorption edge is a high-temperature 
rule) involving many phonons. The exciton- 
phonon interaction cannot in such a case be con- 
sidered as weak, and the formalism of Section 2 
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is not applicable. Nonetheless, the simple picture 
of the ionization rate of a single depressed level of 
Fig. 1(b) gives at least a plausible explanation for 
an exponential dependence of I(E£) on 
exp[—E,—E/kT], and perhaps a qualitative 
description of Moser and UHRBACH’s rule in the 
case of excitons. 


4. THE CONSEQUENCES OF THE ENERGY- 
DEPENDENT WIDTH IN PHOTOCONDUCTIVITY 
MEASUREMENTS 

In order that the excitons produce photocon- 
ductivity, it is of course necessary to somehow 
break up the exciton to get free charge carriers. 
How this takes place (thermal ionization, the 
giving up of a carrier to a charged impurity, etc.) 
is of great interest in photoconductive research, 
but is not our present concern. We will assume 
only that some process of breakup is possible, and 
that, given an exciton of energy S, there will be 
some P(S) probability per unit time that this 
exciton will yield a free charge carrier by some 
process. (Such a function will, in general, not de- 
pend very strongly on S.) In the general case, 
P(S) will also depend on the spatial position of 
the exciton if inhomogeneities or surfaces are 
present. We also assume that the crystal is suffici- 
ently pure that the absorption of the light is due 
to excitons and band-to-band processes, and not 
due to impurity centers. 

Consider now the absorption in the immediate 
vicinity of an exciton absorption line. Over a 
narrow energy region which contains the absorp- 
tion line peak, ['(#) and the processes which con- 
trol it will be nearly constant. Thus the exciton 
final state after absorption will be (in terms of 
energy and wave vector distribution) almost inde- 
pendent of the photon energy. The only large 
physical difference between the exciton final state 
for E = E, (the absorption peak) and, for example, 
E = + I(£,) (the absorption half-power points) 
is the spatial distribution of the generated excitons. 
In the immediate vicinity of an exciton absorption 
peak, the photoconductive response will therefore 
be given by R = f(«) where f(«) is a function only 
of the absorption constant, «, for a given crystal, 
temperature, intensity, and experimental geo- 
metry, f(«) is the solution to the following prob- 
lem at E = £&,. “‘The final state excitons have a 
kinetic energy and exciton band distribution 


which can be calculated if the contributions to 
I'(£,) are understood. If the same distribution in 
states is given a spatial distribution N, exp (—«x), 
what is the photoconductive response?” 

The calculation of f(«) is of course extremely 
difficult. We wish only to emphasize that the study 
of the photoconductive response in the immediate 
vicinity of the exciton absorption lines is a study 
chiefly of f(a), the effect of inhomogeneous spatial 
generation, on the photoconductive response. 
Whether f(«) has maxima, minima, or no structure 
at all in this energy region is determined only by. 
the inhomogeneities of the problem. 

For energies farther from E,, ((£) can change 
from its value I'(£,). Such a change is normally 
accompanied by a change in “‘final state’’ for the 


H# problem. Such a change will also in general 


change P(S), and the photoconductive response 
will therefore be altered. 

There would seem, therefore, to be two types of 
analysis of experiments which could yield par- 
ticularly useful information about the photocon- 
ductive process. The first is the study, near a 
single absorption line, of f(«). The second is the 
comparison, at a constant level of «, of the photo- 
conductive response for different energies. ‘This 
experiment would reveal the dependence of the 
photoconductive response on the final states of 
the exciton after absorption. In the one-exciton 
band problem, for example, this might yield the 
dependence of P(.S) on the exciton kinetic energy. 

The dependence of the photoconductive re- 
sponse on « can be well illustrated by comparing 
the work of ApreL and Portis‘) on the photo- 
conductivity of CugO with the experimental work 
of NrikiTINE®) and his collaborators on the 
absorption spectrum of CugO. 

Ex.iotr 9 has pointed out that the large low 
temperature line width of the m = 2 and higher 
exciton states compared to the line width of the 
n = 1 (forbidden) absorption line is probably due 
to the emission of a longitudinal optical phonon 
in the transition. 


2Px-0 —> 1S,+ optical phonon_,. 


The 1S-2P energy separation is about 8 times the 
energy of an optical phonon, so the process is 
quite feasible. Strong support is given to this 
argument by the experiments of ZVEREV, et al.‘l!) 
who measured the temperature dependence of 
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the 2P-state line width. The measured temperature 
fits reasonably well the form I'(E£2p) = A coth 
hw,/2kT expected for such a process, for hw, = 
95 cm-!. There is a known longitudinal optical 
phonon having an energy of about 100 cm~. 
(ZvEREV et al. interpreted their results rather 
differently.) 

The generated final state after the absorption of 
light anywhere in the yellow exciton series is thus 
a 1S exciton having kinetic energy (E— £15 — hwy) 
where £5 is the energy of the k = 0 1S exciton. 
(Actually, there are two slightly split 1S states, a 
singlet and a triplet, but this is unimportant.) In 
the energy region near Eop, (say + 20 mV), the 
fractional change in the kinetic energy of the 18 
exciton generated is negligible. Over this energy 
region, the final states are essentially constant, and 
have a kinetic energy very nearly equal to 
Esp—E\s. 

The absorption continuum in CugQ, which 
starts at low temperatures near the energy of the 
1S state, has been studied in detail by Nikitin"? 
and interpreted by Extiorr"2) on the basis of 
transitions via higher bands to the 1S exciton 
states with phonon emission at low temperature 
(and, of course, with both emission and absorption 
at high temperatures). The energy of the phonon 
is small (the phonon actually seems to have the 
same energy as the phonon involved in the 2P 
exciton decay), so that in the neighborhood of 
E ~ Ep, the final state is again a 1S exciton 
having kinetic energy Eep—E,s. The phonon 
energy in this case has been measured to be 
104 cm}. 

The absorption spectrum for CugO at 4-2° is 
shown in Fig. 3(a). (The absorption spectrum at 
100° is qualitatively similar.) ‘The continuum and 
the exciton 2P-state have, at HE = Ep, similar 
contributions to the absorption constant. The 
photoconductivity of polycrystalline CugO as 
measured by APFEL and Portis is shown in Figs. 
3(b) and 3(c). Two different types of experiments 
were done, whose difference we will not attempt 
to describe or interpret. 

APFEL and Portis noted that the exciton 2P- 
and 3P-states were visible in the photoconductive 
spectrum, and suggest that there was a photo- 
conductive effect specifically associated with 
excitons. From the point of view we have adopted, 
the optical absorption process in CugO always 
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Fic. 3(a). The absorption spectrum of CugO in the 

region of the yellow exciton series (after NIKITINEet al.(9)), 

This data should be shifted 0-010 eV to the left to com- 

pensate for the temperature shift between 4°K and 

100°K. (b) and (c). Two observed forms of the photo- 

conductivity of CugO in the region of the yellow excitons 
at about 100°K (after ApreL and Portis\8)). 


generates excitons, energetic 1,S excitons, over the 
range of energy shown in Fig. 3, and the photo- 
conductive response in this narrow energy region 
should be very nearly a function of the absorption 
constant alone. 

It is clear in the comparison of Figs. 3(a) and 
3(b) that the absorption constant and the photo- 
conductive response have the same form, and that 
the photoconductive response is a function only 
of « is quite plausible. Unfortunately there are at 
present no published absorption data available at 
the temperature at which they performed their 
experiment, and a quantitative determination of 
the relation between « and the photoconductive 
response cannot be made. 

A comparison of Figs. 3(a) and 3(c) is more 
distressing. APFEL and Portis have characterized 
their data as having here valleys in the positions 
of the exciton absorption peaks, and have suggested 
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that the excitons have some peculiar properties 
not associated with the background photoconduc- 
tivity. A more reasonable explanation in the light 
of the previous discussion would be that the photo- 
conductive response is a function of «, but that it 
increases for small «, reaches a maximum near 
a = 150 cm~!, and declines again for « larger than 
this. Since the background absorption due to the 
indirect processes has a value of about 150 cm7™} 
at the exciton n = 2 peak, the increase in absorp- 
tion at the 2P peak would then decrease the photo- 
conductive response. A detailed inspection of the 
photoconductive response shows that this explana- 
tion is at least qualitatively tenable. In the absence 
of absorption constant data, we will compare 
directly Fig. 3(b), for which the photoconductive 
response increases monotonically with «, and Fig. 
3(c), for which there is a maximum in the response 
for « = 200 (i.e. for the « which happens to occur. 
among other places, at about 2:14eV). In Fig. 
3(b), the photoconductive response at the far right 
of the figure is greater than that at the m = 2 
exciton peak and increasing. For Fig. 3(c), one 
would predict that the photoconductive response 
at the far right should therefore be less than that 
at the m = 2 valley and decreasing, because « is 
larger than the value at which the photoconductive 
response has its maximum. Other qualitative com- 
parisons of Figs. 3(b) and 3(c) also indicate that 
Fig. 3(c) seems consistent with a photoconductive 
response which is a function of « only. 

We do not wish to go into the details of the 
experimental difference between the experiments 
which produced curves 3(b) and 3(c), or their in- 
terpretation. It should be added, however, that in 
order to obtain a photoconductive response which 
has a maximum for a given value of «, a character- 
istic length of «1 should exist in the problem. In 
the experiments of Fig. 3(c), such a length would 
be about 50y. Two possibilities for such a charac- 
teristic length specifically arise from the experi- 
mental geometry, the electrode separation (100) 
and the mean crystallite diameter (also 100,). 


5. THE SUPERPOSITION OF ABSORPTION 
CONSTANTS 
It might be off-hand assumed that if equation (6) 
is a valid expression for the absorption constant 
due to one exciton, one could simply superpose 
expressions like (6) to obtain the effect of all 


exciton and continuum states. Unfortunately, this 
is not universally valid. 

Consider the following system. State |0) (to 
be regarded as photon) is coupled to discrete state 
|1> and |2>. For simplicity, £),E, # E>. These 
discrete states are in turn coupled to a continuum 
of final states | f>. The rate of decay of state |0) 
is then given simply by: 


2n | Aolis Ho2Hoy |2 
- Pfs (10) 


W, = 7 | + * 
h\E,-E, E,—£2 





where p¢ is the density of states (7) at energy Ep. 
This transition rate is analogous to an absorption 
constant. 

If state (1) were coupled to a continuum of final 
states (f’) and state to a different continuum of 
final states (f?), the result would be 


2 {| Holy | 2 


| HooHey |? | 
h \|Ey—Ey |” 


W,= ———| py}. (11 

0 | Ey —Ey-| Pt (11) 
Each of the two terms in (11) is analogous to (10) 
for a single level, and the absorptions are additive. 
From the comparison of (10) and (11), one sees that 
the absorption constant due to two different ex- 
citon intermediate states will not be additive in 
energy regions in which both (1) each intermediate 
state considered separately would produce compar- 
able absorption constants, and (2) the final states 
which dominate the “width” of each exciton at the 
energy under consideration are not disjoint. 

The form of (10) indicates that when HoH, and 
Ho2H2z have complex phases which do not differ 
by 90°, an interference effect between transitions 
via state |1> and state |2> will occur. Under 
these circumstances, absorption constants are not 
additive. For the two cases E,—F,; < 0 and 
E,—E, > 0, the relative signs of the one part of 
the compound matrix element with respect to the 
other is different. This effect results in an asym- 
metry of the absorption ‘‘due to state (1)”. When 
the damping due to states (f) is included, which 
introduces an imaginary term in the energy de- 
nominators of (10), it is found that, regardless of 
the phase of HoiHoz and Ho2He,z an interference 
effect results, and the absorptions ‘‘due to state 
(1)” and “‘due to state (2)” are not additive. 

CueO in the energy region of the yellow exciton 
series seems to present an example of a system in 
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which the interference between optical transitions 
plays an observable part in determining the energy 
dependence of the absorption spectrum. The 
shape of the m = 2 and n = 3 exciton lines are 
both quite asymmetric.. ZvEREV, et al."l) have 
interpreted this result on the basis of acoustic 
phonon intra-exciton band scattering and Toya- 
zawa’s theory of the shape of absorption lines. As 
was pointed out in Section 3, it is much more 
likely that optical mode scattering involving inter- 
band scattering is the dominant source of line 
width. ELLIoTT suggested that a rapid variation 
of the scattering matrix element for the 2P > 15S 
optical mode transition might lead to an asymmetry. 
Indeed, a rapid change with wave vector of this 
scattering matrix element would lead to a I'(£) 
which would not be nearly constant at the exciton 
energy, and an asymmetric line would result. Itis a 
bit difficult to believe, however, that the matrix 
element changes rapidly enough to cause the 
observed asymmetry. 

A simpler explanation of the asymmetry of the 
n = 2 yellow exciton line can be based on the 
qualitative conclusions of equations (10) and (11). 
It is known that the m = 2 absorption line lies on 


top of a continuum due to something else, and 
that the m = 2 line peak absorption coefficient is 
comparable to the continuum absorption at the 
exciton energy. Thus the first criterion for non- 


additive absorption constants is met. 

It is believed that the continuum on which the 
n = 2 state lies is, at low temperatures, due to the 
absorption of light via a virtual transition to a 
higher band, producing as a final state a 1S exciton 
and an optical phonon of about 100 cm !. It is 
suggested that the width of the m = 2 state is due 
to transitions to the 1S state with the emission of 
a phonon of about 100 cm~! also. Suppose that, 
at least part of the time, the phonons associated 
with the 2P — 1S decay and the phonons associ- 
ated with continuum belong to the same branch 
of the lattice vibration spectrum. The final states 
for the two processes will not then be disjoint, 
and the second criterion for the observation of 
non-additivity of absorption constants will be 
met, 


are indeed always the same, it can easily be 
shown that the absorption constant away from 
the center of the line is given in this case by 


\E— Eop!| 


a(E) = ||a1(E)|4 —— —_ + e9|9(E)|# 2, 
“2p —L 


where «(£) is the absorption constant which 
would exist for the 2P exciton state if the con- 
tinuum absorption could not be excited via a higher 
band, «2(#) the absorption constant which would 
be present if the 2P exciton state did not exist, and 
6 a phase factor. The change in sign of the first 
term in between E < Eop and E > Ep will in 
general introduce an asymmetry in a(E) about 
Esp, even when «(£) and a(£) were symmetric 
about Eop. 

It is thus possible that the » = 2 and n = 3 
P states of the yellow series in CugO have line 
shapes that would be symmetric (and presumably 
nearly Lorentzian) except for the existence of the 
continuous background. A nonadditivity of absorp- 
tion constants can reasonably explain the observed 
large asymmetry. 


6. CONCLUSION 

A formalism for understanding exciton line 
shapes in weak coupling was presented. The for- 
malism treats the tails and the center of the 
absorption line on the same basis, and emphasizes 
the question of what is actually produced in the 
absorption process. 

The photoconductive response is dependent on 
what is produced and where it is produced in the 
absorption process. The former depends explicitly 
only on the energy of the incident photon; the latter 
depends explicitly only on the absorption constant. 
The spectral dependence of photoconductivity can 
give information about both subjects. Unfortu- 
nately the absorption constant itself depends upon 
the energy of the incident light. In order to under- 
stand the spectral dependence in the exciton 
region, it is in general necessary to understarid the 
absorption process and its final states. As was 
shown in the case of CueO, to assume that, be- 
cause the absorption constant shows a peak, one 
is observing the real generation (rather than the 
virtual generation) of that exciton is not correct. 

The simplest method of obtaining real infor- 
mation about the photoconductive response due 
to excitons would be to measure the response near 
an exciton absorption line. If the exciton belongs 
to the series corresponding to the smallest band 
gap, it is fairly certain, at low temperatures, that 
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excitons would be generated, (although perhaps 
not the exciton which corresponds to the energy 
of the photon). This could then be compared with 
the photoconductive response at an energy in the 
continuum, where free electron-hole pairs are 
generated. It would be important to make such a 
comparison at energies chosen such that the con- 
tinuum and the exciton have the same absorption 
coefficient in the crystal being measured. 

A simple method of measuring the specific 
effect on the photoconductivity on absorption 
constant would be to measure the absorption con- 
stant and photoconductive response in a single 
sample in the vicinity of a single absorption peak. 
In this case, what is actually generated would be 
relatively constant over a small energy intervai, 
while the absorption constant would change rapidly 
over this same small interval. 

Finally, an example was given in CugO where 
the absorption coefficients due to two different 
processes are not additive because the final states 
for these two processes are not disjoint. This non- 
additivity may explain the asymmetry of the m = 2 
exciton line in the yellow exciton series of CugO. 
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DISCUSSION 


P. T. LANpsBerG: I take it that Uhrbach’s rule is 
purely empirical, and I wonder if you would care to 
state it for us. 

J. J. Hoprietp: Uhrbach’s rule states that the low 
energy absorption tail of the fundamental absorption 
edge behaves like: 

a = Aexp[—y(E,—E)/kT] 
where A, y, and E>, are experimental constants. 

P. T. LANpDsBERG: Is this rule supposed to hold for 
E< E,and E> E,? 

J. J. Hopriretp: Uhrbach’s rule holds experimentally 
only for E< Eo. The behavior of I'(£) is quite differ- 
ent for E < E, and for E> Eo, where it is not necessary 
that phonons supply energy. 

E. BursTEIN: Can you give a physical interpretation 
of Uhrbach’s rule? 

J. J. Hoprie.tp: The rate of generation of free carriers 
across the band gap E> at temperature T is given by: 


R = const x exp(—E,/kT). 


The presence of a photon of energy EF simply has the 
effect of reducing the energy which needs to be supplied 
by the lattice from FE, to (Eo,—E). Thus the rate of 
generation of pairs due to the presence of a photon is: 


R = const x exp[—(E,—E£)/RT]. 


This rate of generation is proportional to the absorption 
constant, so a qualitative interpretation of Urbach’s rule 
results (but with y = 1). 


M. Lampert: In what way are polaron effects (par- 
ticularly low-temperature, temperature-independent 
polaron effects) included in your calculation? 


J. J. Hoprtetp: At the band edge, polaron effects (for 
zero temperature) renormalize the bandgap, particle 
masses, and electron-hole interactions, but are not 
specifically visible. Observed masses will refer to polaron 
masses, and the observed bandgap is the rigid-lattice 
bandgap less the electron and hole binding energies. 
At energies above the band edge, specific effects of the 
interaction of the carriers with the lattice will become 


observable. 





72 


M. Lampert: Would you expect to see a difference, 
at low temperatures, in the optical bandgap (free-free 
transitions) from the thermal bandgap, i.e. does the 
bandgap light absorption correspond to the creation of 
unclothed electrons and holes? 


J. J. Hoprrecp: Imagine a crystal at T = 0 with an 
electron and hole each at k = 0. The electron and hole 
are clothed in phonons. By definition of the bandgap 
E, at T = 0, the energy of this state is Ep above the 
energy of the ground state. Let the electron and hole 
recombine. There will be emission of a photon accom- 
panied by 0, 1, 2, etc. phonons. In weak coupling, the 
probability that a photon is emitted with no phonon is 
finite so that a finite fraction of the time, a photon of 
energy E> will be emitted. At T = 0, the reverse process 
will take place but phonon absorption is impossible. The 
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optical bandgap in absorption is therefore the same as 
the thermal bandgap at J = 0 in weak coupling. 

E. Burstein: Can you tell us something about the 
physics underlying the asymmetry in the exciton lines 
and also something about the nature of the phase factor? 


J. J. Hoprietp: When a transition can take place from 
state |[0) to state |f> via two channels, the transition 
amplitudes for the two channels must be added and 
squared to find the net rate. The transition amplitude 
via a single channel changes sign as one goes through 
resonance. The square of the sum of the amplitudes will 
not then be symmetric around a resonant frequency. In 
the present problem, the phase factor (although in 
principle calculable from the Hamiltonian) is introduced 
because the relative phase of the two channels is not 


known. 
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Abstract—Optical absorption in the fundamental absorption tail of specially purified KCl and 
that due to bromine ions in KCl were measured between room temperature and 196°C. The latter was 
estimated from the difference between the fundamental absorption tails of pure KCl and KCl with 
bromine of which the concentration was 1:3 x 10-4 mole fraction. Measured absorption coefficients 
were corrected by considering the errors due to the finite band width of the spectrometer. The 
fundamental absorption tail of KCl was found to be represented by the Urbach rule with o = 0-80 + 


0:02 and hvo 
scribable by the same rule where o 


1. INTRODUCTION 

ABSORPTION coefficients of some ionic crystals in 
their fundamental absorption tails have been 
known to change exponentially with photon 
energy and with temperature. This behavior has 
been known as the Urbach rule and was first found 
by UrsacH") in silver bromide. For alkali halides, 
MARTIENSSEN'?) has made measurements of the 
absorption tail in pure KBr, and Haupt®) in pure 
KI, and they have found that these tails can be 
described fairly well by the Urbach rule over a 
very wide range of temperature and absorption 
coefficient. The tails of these crystals are believed 
to be due to exciton absorption so that their results 
have given important information on the exciton 
picture in alkali halides. 

The purpose of this study is two-fold. Firstly, 
no work relating to the Urbach rule has been made 
on the fundamental absorption tail of KCl, the 
most typical substance among potassium halides. 
As has been reported in our previous paper, ‘4) we 
have succeeded in preparing pure KCl with a 
clean fundamental absorption tail by eliminating 
impurity bromine ions which are present in fairly 
large amount in crystals commonly used. There- 
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- 7-76 + 0:10 eV. The long wavelength side of the bromine absorption was de- 
- 0:51 + 0-03 and hv 


735 + 0-15 eV. 


fore, it is interesting to investigate the funda- 
mental absorption tail of such pure KCI. Secondly 
studies on the absorption tails made so far are on 


pure alkali halides and the observed exciton 
absorptions are due to halide ions surrounded by 
alkali ions and halide ions of the same kind. If one 
changes the environment around a halide ion in 
whose optical excitation one is interested, by re- 
placing the surrounding halide ions with another 
halide, and compares its absorption with that of 
the pure crystal, one may obtain some new infor- 
mation on excitons in alkali halides because of the 
effect of a local change of lattice constant and 
electronic configuration. In a previous paper, 4) we 
found an absorption band due to bromine ions 
present in very small concentrations in KCl at the 
tail of the fundamental absorption of the host 
crystal. Therefore it would be worthwhile to 
study this band more thoroughly. 

In the present paper, we shall report results of 
the measurements of absorption coefficients in the 
long wavelength tail of the fundamental absorp- 
tions of pure KCl and KCI containing 1-3 x 10-4 
mole fraction of bromine at several different tem- 
peratures. The fundamental absorption tail of 
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KC] is obtained from measurements on the former 
crystal. The absorption due to bromine is esti- 
mated from the results of both crystals. We find 
that both the fundamental absorption tail of pure 
KCl and the long wavelength side of the absorp- 
tion due to bromine in KC] can be described fairly 
well by the Urbach rule. 


2. MEASUREMENTS AND RESULTS 

KCl-aK-1, the KCI crystal used in this study 
as a pure crystal with clean fundamental absorp- 
tion tail, was prepared from purified bicarbonate 
and hydrochloric acid by the method which has 
been developed by us‘) and it contains bromine 
ions of 9 x 10-6 mole fraction and divalent metallic 
ion impurities of 1 x 1015 per cm*. KCI-bK-1,) 
the KCI crystal in which bromine absorption is 
investigated, contains bromine ions of 1-3 x 10-4 
mole fraction and divalent metallic ion impurities 
of 4x 10!5 per cm’. Hydroxy] ions in a concentra- 
tion of 2x 10!5 per cm?) were found in both 
crystals. 

Optical transmission in the absorption tails of 
both crystals was measured by a vacuum ultra- 
violet spectrometer with a band pass of about 2 my 
at 26°, 56°, 100°, 147° and 196°C. In determining 
absorption coefficients from transmission measure- 
ments, it is necessary to take into account the light 
losses due to scattering at the surface and in the 
volume of the crystal, as well as specular reflection 
losses at the surface. We have shown in Ref. 4, 
however, that the scattering correction is negligible 
in these crystals and that the absorption coefficient 
can be estimated fairly well from the observed 
transmittance and reflectivity calculated from the 
refractive index. 

It has been pointed out by Moser and Ursacu®? 
that an appreciable error might be introduced into 
a determination of an absorption coefficient, K, as 
a result of using a finite band width in a measure- 
ment of a transmission where an absorption co- 
efficient changes markedly with a wavelength, A. 
Their analysis shows that if a band width is finite 
and an absorption coefficient is represented by 
K = Kj, exp(—5A), where Kj and 6 are constants, 
an absorption coefficient calculated from ameasured 
transmittance of a crystal with certain thickness 
must be different from that of a crystal of different 
thickness. Only an observed absorption coefficient 
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satisfying the condition Kd = 1 isa true absorption 
coefficient of a crystal with a thickness d. 

Figure 1 is an example of the present measure- 
ments of absorption coefficients in the tails of 
KCl-aK-1 and KCIl-bK-1 at 56°C. They were 
calculated from the measured transmittances of 
the crystals with different thicknesses and the 
refractive indices. One may readily see that the 
observed absorption coefficients are always higher 
for the crystal with smaller d. This is the tendency 
which can be derived from the analysis by Moser 
and Ursacu®), Double circles in this figure are 
the points where Kd is unity. These points are 
well represented by straight lines in log K versus 
photon energy plots as indicated by dashed lines. 
This exponential behavior of the absorption co- 
efficient with photon energy may indicate that the 
analysis by Moser and URBACH is applicable to the 
present observed values, since the exponential be- 
havior may hold for photon energy as well as for 
wavelength if the range of wavelength is small. 
Therefore, the points at Kd = 1 are the absorption 
coefficients free from errors due to the finite band 
width, and the dashed lines may be the true 
absorption tails of both crystals. 

Measurements on crystals with different thick- 
nesses at other temperatures have also indicated 
the same features as described above. Fig. 2 shows 
the true absorption tails of pure KCl (KCl-aK-1) 
at five different temperatures. Fig. 3 shows the 
photon energies corresponding to constant absorp- 
tion coefficient in the curves in Fig. 2 as a function 
of temperature. Their extrapolations are found to 
cross one another at zero degrees Kelvin. 

From Figs. 2 and 3, it may be found that the 
fundamental absorption tail of KCI can be repre- 
sented by the Urbach rule: 


o(hvo — hv) 


K = Ko exp |- 


where Ko and a are constants, hv the photon energy 
at K and 7, and hyp the extrapolated photon 
energy at zero degrees Kelvin. Taking into account 
the errors due to the measurements, we found that 
hvo is 7°76 + 0-10 eV and ais 0-80 + 0-02. 

The absorption due to bromine ions in 
KCI-bK-1 were estimated at five different tem- 
peratures by subtracting the true absorption curves 
of KCl-aK-1 from those of KCI-bK-1. The 
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Fic. 1. Absorption spectra in the fundamental absorption tails of pure 
KCI (KCl-aK-1) and KCl containing bromine (KCI-bK-1) at 56°C. 
The open circles are the absorption coefficients calculated from the ob- 
served transmittances of KCl—aK-1 with different thicknesses, and the 
filled ones are those of KCI-bK-1. The dashed lines are those which 


connect the points where Kd 


1 (double circles). The thicknesses of 


crystals are indicated at the upper right hand of this figure. 


results are shown in Fig. 4. One may note that these 
absorptions are due to bromine ions at concentra- 
tions of 1-2 x 10-4 mole fraction since the concen- 
tration of bromine in KCl-aK-1 is 9 x 10~6 and in 
KCI-bK-1 it is 1-3 x 10-4. In the low absorption 
coefficient region, absorption curves are linear in 
log K versus photon energy plots, and their slopes 
decrease with increasing temperature. The dashed 
lines are their linear extrapolations to high K 
value where they are found to cross one another 
at one point. The highest points among the 
observed ones are found to deviate from the linear 
relationship since they are the points which are 
close to the maxima of the absorption bands.) 
Fig. 5 shows the photon energies corresponding to 


constant absorption coefficient in the curves of 
bromine absorption for different temperatures in 
Fig. 4. Their extrapolations are found to cross one 
another at zero degrees Kelvin. 

From Figs. 4 and 5, one may find that the 
absorption due to bromine in KCI can be described 
fairly well by the Urbach rule with vg = 7-35 + 
0-15eV and o = 0-51 + 0-03 in equation (1). 
Since the absorptions shown in Figs 4 and 5 are 
due o bromine ions of 1-2 x 10-4 mole fraction, 
the magnitude of Ko is estimated as being in the 
range between 3 x 109 and 2 x 108 cm~!, assuming 
that all chlorine ions in KCl are replaced by bro- 
mine ions without an accompanying change 
lattice constant and that there is no interaction 
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Fic. 3. Photon energies correspond- 
ing to a constant absorption coeffici- 
ent in the curves in Fig. 2 as a 
function of temperature. They are 
represented by full lines for constant 
K of which magnitudes are indicated 
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Fic. 4. Absorption spectra on the long wavelength side of the 

absorption band due to bromine in KCl at different tempera- 

tures (indicated in this figure on an absolute scale). The 

full lines are those which connect the observed absorption 

coefficients and the dashed ones are those extrapolated linearly 
to high absorption coefficient. 


between bromine ions. If the lattice constant of 
KBr is used in the above estimation, Kp may be 
smaller by about 10 per cent. 


3. DISCUSSION 

In present study, o of the fundamental absorp- 
tion tail of pure KCl has been determined as 
0-80 + 0:02. o in KBr has been given by 
MARTIENSSEN") as 0-79 and in KI by Haupt’) as 
0-82. These magnitudes are almost the same in 
spite of the difference in lattice constant and kind of 
halogen. 

According to Toyozawa‘®), o may be repre- 
sented by C/|Es| where C is an appropriate elastic 
constant and £2 a constant to a quadratic term of 


deformation in the expression of electronic energy 
change as a function of deformation. Therefore, 
the difference of the lattice constant and the kind 
of halogen seems to be rather insensitive to the 


determination of the magnitude of C/|H»| of the 
exciton excitation of pure potassium halides. 

It has been known that KCl and KBr make a 
good solid-solution. The concentration of bromine 
in KCl-bK-1 is as small as 1-3 x 10-4 mole fraction. 
Therefore, the bromine ions may be distributed 
randomly and the interaction between bromine 
ions through the host matrix may be negligible 
in this crystal. Thus the absorption due to 
the presence of bromine in KCl investigated 
in this study may be due to the isolated 
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Photon energies corresponding to a constant absorption co- 


efficient in the absorption curves of bromine in KCl as a function of 

temperature. The open circles are taken from the observed curves in 

Fig. 4 and the filled ones are from the linearly extrapolated lines as in- 

dicated as dashed lines in Fig. 4. They are represented by full lines for 

constant K, of which magnitudes are indicated at the right hand side 
of this figure. The dashed lines are their linear extrapolations. 


bromine ions which simply occupy the chlorine 


lattice sites. 

The exact nature of this absorption due to bro- 
mine in KCl is not known. However, the position 
of the maximum of this absorption band can be 
estimated roughly by the assumption that the 
absorption is due to bromine ions themselves. The 
electron affinity of chlorine is 87-1 kcal, and that 
of bromine is 81-2 kcal;‘?) the maximum of the 
first absorption peak of the exciton doublet of KCI 
is at approximately 7-52 eV at room temperature. ®) 
Thus the bromine absorption in KCl is expected 
to have its maximum at around 7:26 eV at room 
temperature which is not far different from 
7:12 eV, the observed position of the maximum. 
The maximum absorption coefficient of the 
bromine absorption in KCl, after being normalized 
to the case in which all chlorine ions in KC] are 
replaced by bromine ions, can be estimated as 


about 1 x 106 cm~! from the maximum height of 
the bromine absorption in KCI-bK-1.“4) This 
magnitude is of an order comparable with the 
maximum height of the exciton absorption in 
KBr.) Therefore, it would be rather unlikely that 
this absorption is due to optical excitations of 
twelve chlorine ions at the second-nearest-neigh- 
bour sites around the bromine ion, but is very 
likely to be due to the bromine ions themselves. 

It has been shown that the bromine absorption 
in KCI can be described by the Urbach rule. How- 
ever, the magnitude of o for the bromine absorp- 
tion in KCl is 0-51 + 0-03, which is far smaller 
than 0-79 for bromine in KBr") and 0-80 +0-02 
for chlorine in KCI. The small magnitude of o for 
the bromine absorption in KCI might be under- 
stood by different C and/or different HZ: from 
those of pure potassium halides as a result of 
strong distortion around the bromine ions. 





TEMPERATURE DEPENDENCE OF THE FUNDAMENTAL ABSORPTION TAIL OF KCl 79 


Acknowledgements—We wish to thank Professor M. 
Veta for his allowing us to use his vacuum ultraviolet 
spectrometer. One of us (K.K.) is also indebted to 
Professors T. INu1 and Y. Toyozawa for helpful dis- 
cussions. A part of this work was supported by a Re- 
search Grant from the Ministry of Education of Japan. 


REFERENCES 
1. Ursacu F., Phys. Rev. 92, 1324 (1953). 
2. MartTIENSSEN W., J. Phys. Chem. Solids 2,257 (1957). 
3. Haupt U., Z. Phys. 157, 232 (1959). 


4. Kopayasui K. and Tomixki T., J. Phys. Soc. Japan 
15, 1982 (1960). 

5. Moser F. and Ursacu F., Phys. Rev. 102, 1519 
(1956). See also Ref. 3. 

. Toyozawa Y., Prog. 
111 (1959). 

7. Mott N. F. and Gurney R. W., Electronic Processes 
in Ionic Crystals, p. 8. Clarendon Press, Oxford 
(1946). 

8. Esy J. E., TEEGARDEN K. J. and DutTon D. B., 
Phys. Rev. 116, 1099 (1959). 


Theor. Phys. Suppl. 12, 


DISCUSSION 


H. Maur: We measured the absorption due to I- 
diluted in KCl. From the slope of the exponential decay 
of the absorption constant at long wavelengths, we de- 
termined the constant o of Urbach’s law. Although at 
room temperature our value of o = 0-49 agrees well 
with the value of o = 0:51 found for Br- in KCl, we 
noticed a strong temperature dependence of ¢ in the 


range from 80°K to 700°K. It can be explained by 
taking zero-point oscillations into account. For the limit 
of high temperatures o approaches 0-77, very close to 
the value o = 0-80 found for pure KI, KBr and KCl. 

K. Kosayasut: It would be interesting to measure the 
magnitude of o for our case over a wider temperature 
range. 
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EXPERIMENTAL STUDY OF EXCITON ABSORPTION IN 


PbI, 


I, IMAI* 


The Institute for Solid-State Physics, The University of Tokyo, Tokyo, Japan 


of evaporated films of PblIe in the region of 200-700 mu 
» 298-37°K, using a Cary spectrophotometer, and at 4:2°K, 
. the first band at 500 mu shows rather smooth intensity 


Abstract—The optical absorption spectra 
were measured in the temperature range 


using a spectrophotograph. Even at 4:2°K 


distribution and does not split into hydrogen-like series lines. The general behaviour of the spec- 
trum in PbI2 was found to have similar characteristics to those of the Ag and TI halides. The tail 
part of the longer wavelength side of the first band was measured in detail, using thicker samples, 
in which Urbach’s rule is approximately valid. Our analysis of the spectrum of PbIe indicates that 
the exciton in PbI2 does not resemble that of CuzO but is quite similar to that of the silver and 


thallous halides. 


1. INTRODUCTION 

AccoRDING to both experimental and theoretical 
investigations of excitons performed so far, it may 
be considered that two kinds of excitons, i.e. the 
so-called tight-binding exciton and loose-binding 
exciton, are relatively well understood at present.’ 
The former corresponds to a small-size exciton of 
which the radius is smaller than the lattice con- 
stant and seems to be observed in alkali halides 
and similar crystals with relatively small dielectric 
constants. 

The latter type of exciton corresponds to a 
large-size exciton, its radius being much larger 
than a lattice constant, and gives rise to hydrogen- 
like series line spectra as observed in CugQ. In 
theoretical studies of the tight-binding exciton, 
the excitation model and the transfer model have 
been proposed in approximate, one-electron treat- 
ments, whereas, for the loose-binding exciton, the 
effective-mass approximation initiated by WANNIER 
has been applied with fruitful results. However 
exciton absorption of silver and thallous halides, 
observed at low temperatures, seems to show 
characteristic behaviour between the two types of 
excitons mentioned above. 

As for PbIz, the absorption spectrum was first 
measured at room temperature by HILscH and 
Pout), and FrseretpT), Recently, NIKITINE et 
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al.) measured photographically the detailed be- 
haviour of the absorption near 500 my in PblIe in 
the course of their systematic studies of exciton 
spectra of ionic crystals, and they reported 
several lines at liquid helium temperature subject 
to a hydrogen-like series formula, suggesting 
loose-binding exciton absorption. In order to 
clarify the exciton characteristics in PblIe, the 
present measurement of the optical absorption 
spectrum of Pbl2 crystals over a wider range of 
undertaken, special attention 
500 mu. 


wavelength was 


being paid to the spectrum near 


2. PREPARATION OF SAMPLES AND 
EXPERIMENTAL PROCEDURE 

Samples used in our experiments were prepared 
in the following ways: 

(1) Vacuum-evaporated films. 
evaporated on to fused quartz plates at 
room temperature. Thereafter, some of the 
samples were annealed at about 100°C, be- 
yond which revaporization of the film 
occurred, The source materials for vapori- 
zation were pure single crystals obtained 
after a process of threefold repetition of 
the Bridgman method. 

Todized lead films. Vacuum-evaporated Pb 
films on fused quartz plates were treated in 
an iodine atmosphere at about 120°C. 

(3) Single crystals. Thin plates were obtained 


These were 


(2 





I, IMAI 


from blocks of single crystals prepared by 
the Bridgman method by cleaving along the 
plane perpendicular to the c-axis. 

(4) Single flakes. The flakes were crystallized 
from a saturated aqueous solution of PblIe. 

(5) Compressed samples. Molten PbI2 was com- 
pressed between two fused quartz plates or 
glass plates and then solidified. 


X-ray diffraction patterns of some of these 
evaporated samples were observed using a Norelco 
diffraction camera. Diffracted lines from the planes 
perpendicular to the c-axis were found to be pre- 
dominant, indicating that the micro-crystals in the 
evaporated film were preferentially oriented. Single 
flakes seemed to grow along a direction perpen- 
dicular to the c-axis, judging from the external 
form, and samples (5) also seemed to be crystallized 
in such a manner that the direction of the thickness 
was almost parallel to the c-axis. 

The refractive indices of samples (1) and (2) at 
the Na D-line (589 mj) and Hg green line (546 mz) 
were measured by the method of Abelés and the 
simple Brewster angle method, respectively. The 
results are shown in Table 1, in which the di- 
electric constants at lower frequency are also 
described.) These values are larger than those of 
alkali halides, but nearly equal to or slightly larger 
than those of silver and thallous halides. As seen 
in Table 1, the smaller refractive indices observed 
in the evaporated film, compared with those in the 















































Fic. 1. Cryostat used with Cary recording spectrophoto- 
meter. 


Table 1. Refractive indices and dielectric constant of Pble 


| (Hg 546 mp) 


Dielectric constant) (5 « 105-108 c/s) 


single crystal, will be ascribed to some porosity in 
the former sample. 

The optical absorption measurement was made 
with a Cary Recording Spectrophotometer Model 
14M-50, of which the purity in wavelength at 
5000 A was at most 2 A. Using a double Dewar 
as shown in Fig. 1, the sample was not immersed 


Evaporated Single 


crystal 


3:26 + 0-10 


20°8 


directly in a refrigerant. The light beam from the 
source passed through only the sample and two 
fused quartz plates used as windows. As the 
sample was cooled through thermal conduction in 
the present case, the cooling efficiency was not 
high, and the lowest temperature of the sample 
attained by using liquid helium in the inner 





EXPERIMENTAL STUDY 


Dewar was about 37°K, as measured with cali- 
brated copper—constantan thermocouples. In order 
to cool the sample to still lower temperatures, 
another type of cryostat was used. Here the sample 
itself was immersed directly in the cooling liquid, 
thus being kept at the temperature of the surround- 
ing liquid. In this experiment the absorption 
spectra were recorded photographically, and the 
dispersion of the spectrograph with glass prisms 
was about 20 A/mm at 5000 A. The experimental 
procedure with this apparatus is quite similar to 
that of NixiTine. In this case, however, the light 
beam passed through four layers of refrigerants 
and many glass walls of double Dewars which 
have slight curvatures. Therefore, some pre- 
cautions are needed for getting accurate results in 
such an experimental arrangement. 


3. EXPERIMENTAL RESULTS AND DISCUSSION 
In Fig. 2 are shown the optical absorption 
curves of a vacuum-evaporated sample which was 


annealed at 100°C for 50 hr. The absolute 


values of log(Jo/Z) in Fig. 2 are not accurate 
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Fic. 2. The optical absorption spectrum of PblI2. The 

film (sample No. 42¢) was evaporated on to a fused 

quartz plate at room temperature and after that it was 

annealed for 50 hr at about 100°C. The thickness of 
the film was 500 A. 
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enough because the reflection and sample-holder 
loss are not corrected for, but their relative values 
may be considered to be correct. The result at 
room temperature corresponds closely to the re- 
sults of the older measurements,» 3) but a 
shoulder at 500 my, which can be noticed in the 
present result, was missed completely in the older 
data. With decreasing temperatures of the sample, 
several peaks make their appearance in the 
absorption curves and, particularly, the first 
absorption band at 500mp grows up most 
strikingly. It is near this band that NIkITINE found 
hydrogen-like absorption lines. In Fig. 2, how- 
ever, we cannot find such series line absorptions 
even at the lowest temperature attained. The be- 
haviour of the curves at longer wavelengths than 
the first band should contain interference effects 
on account of the small thickness of the sample. 
Judging from the result shown in Fig. 6, the sample 
should be quite transparent in this wavelength 
region. 

Figure 3 depicts the first band and its neigh- 
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Fic. 3. Details of the curves near the first band in Fig. 2. 
The lines observed photographically by NIKITINE et 
al.) are also shown. 
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bourhood at various temperatures on an enlarged 
scale. The absorption lines observed at 4-2°K by 
NIKITINE are also described in the figure. The 
spectral curves in Fig. 3 show quite smooth be- 
haviour and there is no trace of the band splitting 
into series lines in contradistinction to the results 
of NIKITINE. However, NIKITINE has found the 
hydrogen-like series lines in the absorption spec- 
trum of a compact thin film at 4-2°K. In the pres- 
ent experiment, the sample used was annealed in 
order to remove as many lattice defects as possible, 
whereas the temperature of the sample is not as 
low (37°K) as that in NIKITINE’s experiment. 
There might be a possibility that the band in Fig. 3 
eventually splits into several sharp lines at still 
lower temperatures, for example at liquid helium 
temperature. 
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Wovelength, mM 4 
Fic. 4. The microphotometer recordings of the photo- 
graphic films obtained using the cryostat in which the 
sample was directly immersed in the liquid helium. The 
lines observed by Nixkit1Ne") are also shown. 


In order to cool the sample to liquid helium 
temperature, another type of cryostat, which is 
quite similar to that used by NIKITINE, was con- 
structed, the sample being directly immersed in 
the liquid helium. The method of detection of 
light absorption in the sample was photographic 
as in NIKITINE’s experiment. For detecting any 
structure in the absorption spectrum, very high 
characteristic constants, say y ~ 3, are given to the 
photographic film, In Fig. 4 the microphotometer 
recordings of the photographic film obtained in 
such experiment are reproduced together with 
the spectrum of a tungsten lamp used as a light 
source. However, the result in Fig. 4 shows 
characteristics quite similar to those in Fig. 3 and 
no pronounced structure in the absorption band 
appeared. The experiment was repeated using a 
number of samples prepared by method (1) as well 
as (2), but the first band at 500 my always appeared 
as a single band without series line structure.* 

Judging from the appearance of the absorption 
spectrum over a wider range of wavelength, it can 
be inferred that a continuous absorption is super- 
posed onto the observed several peaks. Such a 
state of affairs has been already found in the 
materials with higher dielectric constant such as 
the silver'S) and thallous®) halides. In order to 
obtain the contribution of the first band alone, 
therefore, the underlying continuous absorption 
should be subtracted from the observed data. The 
position of the peak of the first band obtained by 
such a subtraction procedure shifts toward the 
higher energy side with decreasing temperature 
as shown in Fig. 5. The shift at higher temperature 
shows a linear variation with temperature, its 
rate of change being about 1-5 x 10-4 eV/degree, 
but at lower temperatures it has a tendency to 
saturate. The absorption area, i.e. half-width 
times peak absorption constant, of the first band 
is found to be nearly independent of temperature. 
From the absorption area thus obtained, the 
oscillator strength is estimated to be ~ 0-001, 
which is compared with ~ 0:24 (KI), 
~ 0-05 (AgCl), ~ 0-01 (AgBr), ~ 0-01 (TICI)® 
and ~ 10-6 (CugO) 2), 

Whether the first band is actually intrinsic to 


* Our previous analysis”) of the first band had various 
kinds of ambiguities and the discussions based on such 
analysis were not conclusive. 





EXPERIMENTAL STUDY OF 





Photographic 
|_ measurement* 











100 


Temperature, 
Fic. 5. Temperature shift of the peak of the first absorp- 
tion band of PbIz. Samples 2%e and 30e were prepared 
by the vacuum evaporation method. *Previous results. (1?) 


PbI2 or not was examined experimentally by using 
the various kinds of samples. The experimental 
results indicate that the first band is not so struc- 
ture-sensitive, but corresponds to intrinsic absorp- 
tion in the Pbl» crystal itself. 

It is interesting to investigate the spectrum in 
the range of lower absorption constants, using 
thicker samples such as (3), (4) and (5). The 
experiments were performed mainly at room tem- 
perature and some of them at liquid nitrogen tem- 
perature. The experimental results are described 
in Fig. 6 together with the results obtained for the 
thin samples prepared by vacuum-evaporation. 
Fig. 6 indicates, in the long wavelength tail of the 
first band, that PbIz becomes quite transparent 
and that the behaviour of the absorption constant 
seems to be approximately represented by Urbach’s 
rule, i.e. 


hvg—hv 
kT ) 


x= a exp(—o 


From the results at room temperature and liquid 
nitrogen temperature, the various parameters in 
Urbach’s rule are determined to be roughly 
o ~ 1:3, hvo ~ 2°525 eV and ap ~ 10% cm7!, re- 
spectively. 

Some preliminary experiments on the photo- 
conductivity of PbIz at room temperature was 
attempted. With increasing photon energy, the 
induced current increases at first and, after reach- 
ing a maximum, decreases. The decrease of the 
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current will presumably be due to the fact that the 
light absorbing layer becomes very thin. 

It is interesting to estimate the energy required 
to transfer an electron from an I- ion to the 
nearest neighbour Pbt** ion, using a simple, Born- 
cycle method. The result is 2-3 eV in comparison 
with the observed value of 2-52 eV corresponding 


to the first band. 

















hy, eV 
Fic. 6. Absorption tail on the longer wavelength side of 
the first band of PbIz. Samples 24s, 32s, 36s, and 37s 
were prepared by method (3); sample 317, by method 
(4); samples 48, and 492, by method (5); samples 29¢ 
and 30e, by method (1). © is the point measured by 
ZAHNER and DRICKAMER(?), 


In conclusion, all the experimental evidence 
described above indicates that the exciton corre- 
sponding to the first band of PbIz seems to have a 
resemblance to that of the silver and thallous 
halides rather than cuprous oxide: namely, it will 
be of an intermediate type between the loose- 
binding exciton observed in CugO and the tight- 
binding exciton in alkali halides. 
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DISCUSSION 


E. Burstein: Do you have any explanation for the 
difference between the present results and those of 
NIKITINE? 


T. Muto: First, the difference between the present 
results and those of NIKITINE might be ascribed to 
different amounts of crystal imperfections involved in 
the sample. As a matter of fact, Imai had carefully pro- 


duced his samples by various methods. Secondly, in the 


photographic measurement the sample was immersed. 
directly in liquid helium and the light beam passed 
through four layers of refrigerant and many glass walls 
of Dewars which have slight curvatures. Therefore, 
some precautions are needed for getting accurate results 
in such an experimental arrangement. I am afraid such 
precautions might not have been taken into account in 
NIKITINE’s experimental observation. 
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THE FINE STRUCTURE OF THE SPECTRAL CURVES 
OF PHOTOCONDUCTIVITY AND LUMINESCENCE 
EXCITATION AND ITS CORRELATION TO THE 

EXCITON ABSORPTION SPECTRUM 


E. F. GROSS and B. V. NOVIKOV 


Abstract—The exciton fine structure of the fundamental absorption edge in semiconductor crystals 
was examined. It was observed that substances having such a structure are fairly strong photo- 
conductors. This fact leads to the conclusion that there is a correlation between the exciton absorp- 
tion lines and the shape of the photoconductivity curve. 

Crystals with well-known structures of the absorption edge (CdS, CueO, Hgle, PbI2 and GaSe) 
were chosen for investigation. A fine structure of the spectral curves of photoconductivity, corre- 
sponding to exciton absorption lines, was discovered in all the investigated crystals at low tempera- 
tures. Its properties in a CdS single crystal were studied in detail. It turned out that either the 
maxima (first type of crystals) or the minima (second type of crystals) on the photocurrent curves 
could correspond to the exciton absorption lines. By means of proper treatment crystals can be con- 
verted from one type into another and vice versa. 

The coincidence of photocurrent and absorption maxima is considered as a consequence of 
exciton participation in giving rise to photocurrent. Possible mechanisms of exciton participation 
in creating charge carriers are discussed. 

On the spectral curve of luminescence excitation of CdS crystals at low temperatures, a fine 
structure related to the exciton spectrum is also observed. Either maxima or minima on the excitation 
spectral curve coincide with the exciton absorption lines. 


In 1931 FRENKEL), for the first time, suggested a 
hypothesis concerning non-photoconductive exci- 
tation in a crystal lattice. This excitation, capable 
of migrating through the crystal, was called an 
exciton. 

FRENKEL’s ideas found further development in 
the theoretical works of WaANNIER!?), Morr’), 
HELLER and Marcus"), Pekar“: 6) and others. 
Later, both theoreticians and experimentalists 
applied the hypothesis of the exciton in connection 
with attempts to explain various phenomena. 
Thus, for instance, the well-known wide absorp- 
tion peaks in alkali halide crystals were identified 
with excitation, by means of light, of excitons in 
these crystals. The concept of the exciton was also 
referred to in connection with migration of energy 
in luminescence processes.) In essence, the con- 
cept of the exciton (under the name of “‘energy 
migration’’) was used by VavILov for the explana- 
tion of some phenomena of luminescence in 


liquids. The role of the exciton as an energy 
carrier was taken into account when explaining a 
number of experimental facts in the phenomena of 
external and internal photoeffects. It was shown 
in a number of very interesting and important 
researches of APKER and his collaborators‘) that a 
whole series of peculiarities in the phenomenon of 
photoemission becomes clear, if one assumes the 
participation of the exciton in these phenomena. 
As a result of a whole series of experiments, 
carried out for the purpose of studying photo- 
conductivity in CugO crystals, ZHuzE and Rivkin") 
came to the conclusion that the role of the exciton 
in the phenomenon of photoconductivity is essen- 
tial. However, the problem of whether such a 
quasi-particle really existed in crystals remained 
to be proved. Confirmation of the actual existence 
of such a particle in crystals was obtained further 
from another quarter—that of optical phenomena. 
Proceeding from the experimental results of 
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Zuuze and RIVKIN, research on optical absorption 
at low temperatures in CugO crystals was under- 
taken by one of the authors (E.G.) in 1950, These 
investigations resulted in the discovery of a hydro- 
gen-like series of narrow lines on the absorption 
edge of the crystal.2® This series of lines was 
interpreted" as the optical exciton spectrum in 
the CugO crystal. 

This investigation, proceeding from the exciton 
concept, gave an interpretation of the coefficients 
of the hydrogen-like series,“ and revealed their 
relation to the of the 
exciton (the effective masses of electron and hole), 
Rydberg’s constant, and crystal refractive index, 
on the one hand, and the energy of exciton photo- 
dissociation, on the other. Further studies!) as 
well as detailed electro-optical™?) and magneto- 
optical") investigations of the CugO absorption 
spectrum confirmed the correctness of its exciton 


reduced effective mass 


interpretation. 

The existence of the hydrogen-like series on a 
CuzgO absorption edge was independently dis- 
covered also in the experiments of Hayasu1"4),* In 
further investigations, carried out in different 
laboratories, the complex structure of the absorp- 
tion edge was observed in a number of other 
crystals. This phenomenon, which reveals itself 
with particular distinctness in CugO, is a general 
property of crystal lattices. At present, there are 
no doubts that this structure is the exciton optical 
spectrum of the crystals. 

As will be seen further, the complex structure 
on the absorption edge turned out to be closely 
connected with the photoelectric phenomena in 
crystals. First of all, it was noticed” that all 
crystals with a complex absorption edge structure 
are strong photoconductors, e.g. CugO, CdS, 


CdSe, ZnS, HgIe, PbIs, AgI and others. All these 
* In this paper,(!4) however, HayAsHI does not give 
any interpretation of the hydrogen-like 
efficients, and does not relate the hydrogen-like CuzO 
spectrum with the exciton. After the publication of our 
paper on the exciton spectrum,(®) HayasHi and Kat- 
SUKI in a later article(!5) subscribed to our interpretation 
of the hydrogen-like CugO spectrum only in the case of 
the green series. The CugO yellow series is attributed 
by them to the polaron, and in a recent 1959 publi- 
cation(!®) HayAsHI again stresses this conception. 

One cannot agree with the Japanese authors’ latter 
interpretation of the CuzO yellow series as a polaron 
spectrum, because such an explanation is at variance 
with experimental facts. 


series co- 
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materials at low temperatures reveal narrow and 
strong lines at the absorption edge; these lines 
should be connected with the formation of excitons. 
Besides, the fact that these groups of exciton lines 
are disposed in that part of the spectrum where the 
maximum photoconductivity is usually observed, 
draws attention to itself. 

Side by side with crystals in which a clear 
exciton spectrum with strong lines is observed, 
there are crystals which do not reveal the absorp- 
tion edge structure, e.g. MoQOx3, BigO3, V20s, 
As2S3, PbO (the yellow form) and others. It was 
noticed that in such crystals photoconductivity is 
either not observed at all or is of a very low value. 

The correlation between the exciton lines and 
photoeffect displays itself particularly clearly in 
the case of the red and yellow modifications of 
Hgle crystals."8) In the red modification, there 
are exciton lines and a strong photoeffect; in the 
yellow modification, the exciton lines are absent 
and the photoeffect is extremely weak. This fact is 
particularly convincing, as the correlation between 
the exciton lines and the photoconduction value 
is observed here on one and the same material. 

A detailed study of the spectral photosensitivity 
of crystals, in the absorption spectra of which 
lines connected with excitons are observed, is of 
great importance for clearing up the role of excitons 
in photoconductivity. The discovery of photo- 
sensitivity peaks coinciding with exciton absorp- 
tion lines would be direct proof that formation of 
excitons at light absorption leads to the appearance 
of charge carriers. The first experiments in this 
direction were undertaken by us together with 
KApPLIANsKI in 1955 on CdS and Hgle crystals.%% 
Both these materials are strong photoconductors 
and have a rich structure in absorption. At present, 
the absorption edge spectrum of CdS °°-2”) has been 
studied in particular detail. The theoretical in- 
vestigations of BrrMan'23) and HoprieLp'?4) made 
it possible to classify the intensive exciton lines 
into three groups, A, B and C, each of which 
corresponds to the transition to exciton levels 
from one of the valence bands. 

Investigations on the spectral distribution of 
photocurrents in monocrystal CdS were carried 
out at T = 77°K and 4°K with polarized light. °°) 
A monochromator of a relatively high dispersion 
was used for the investigations. The width of the 
slit varied within the limits from 0-5 A to 5 A. The 
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thickness of the CdS samples (and all other sub- 
stances investigated by us) was chosen with the 
aim in mind that all the light in the spectral 
region of the exciton lines was fully absorbed by 
the crystal. 

About 80 monocrystal samples, grown in differ- 
ent ways, were investigated. At low temperatures 
the spectral photocurrent curves of all the investi- 
gated crystals reveal clear peaks in the spectral 
range of exciton absorption lines. The shape of 
the photocurrent curves and its character of corre- 
lation with the absorption lines make it possible 
to divide the large variety of obtained curves into 
two types. 

In certain samples (conventionally attributed to 
the “‘first”’ type), the photocurrent maxima (peaks) 
correspond to the absorption lines on the spectral 
distribution curve and coincide in position with 
them. 

In other samples (the ‘‘second’’ type), the 
spectral photocurrent curve differs greatly from 
the curve for crystals of the first type: in this case, 
the absorption lines coincide in position with the 
photocurrent minima (dips). The spectral photo- 
current curves, for crystals of both types, depend 
considerably upon the orientation of the crystal 
with respect to the direction of propagation and 
polarization of the incident light. 

In Fig. 1 characteristic spectral photocurrent 
curves obtained on two samples belonging to 
different types are shown, for example. The curves 
were obtained for different polarizations of inci- 
dent light. 

In the long-wave part of the curve of first-type 
crystals (Fig. 1a and b, curves 1) there are a num- 
ber of clearly defined peaks. The first of them, 
\ = 4870 A, is polarized with the electric vector 
E | C. This peak, according to position and polari- 
zation coincides with the most intensive long- 
wave absorption line in the crystal CdS observed 
at T = 77°K. The remaining photocurrent peaks 
(some of which, apparently, are only partially 
polarized) are located near \ = 4840 A, 4795 A, 
4730 A and 4660 A. These peaks also correspond 
to the intensive absorption lines, the position of 
which is shown in Fig. 1. Both long-wave photo- 
current peaks 4870A and 4840A are rather 
narrow, their half-width is 6-8 A. 

In Fig. 1 it is seen that the photocurrent curve 
of first-type crystals looks like a wide, smooth 
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Fic. 1. Curves of spectral photocurrent distribution of 
two types (1 and 2) of CdS crystals in polarized light. 


maximum (‘background’) with protruding peaks 
above it. The relative value of peaks and back- 
ground, on which these peaks are located, may 
greatly differ in various samples. In some samples, 
the peaks make a comparatively small edition to 
the strong background (curves agb3 in Fig. 2), 
whereas in others it is the other way round: the 
largest part of sensitivity is concentrated in the 
peaks (curves agb2 in Fig. 2). It is noteworthy that 
an increase of the background leads to a decrease 
of the relative value of peaks, i.e. the background 
is not simply added to the peaks, but, in a way, 
absorbs them. 26) 

In second-type crystals (Figs. 1a and b, curves 
2), the steep rise of the photocurrent for both 
polarizations begins at noticeably larger wave- 
lengths in compazrison with the already described 
first-type crystals. An essential difference in the 
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Fic. 2. Curves of spectral photocurrent distribution in 
I I 


three CdS crystals at T = 77°K. a—E1C; b—E|C. 


crystals of both type is observed also in the short- 
wave part of the curves. The second-type crystals 
have a steeper short-wave drop of the photo- 
current curve, where a distinct structure con- 
sisting of narrow peaks and dips is observed. The 
narrow minima (with half-width 6-8 A) correspond 
to absorption lines A = 4870 A and 4840 A, and the 
wider ones are located near absorption lines 
\ = 4795 A and 4730A. In certain samples, a 
minimum is also seen near line A = 4660 A. It is 
of essential importance that in second-type 
crystals the minima (dips) and not the maxima 
(peaks) on the photocurrent curve correspond to 
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the absorption lines. This is also a significant 
difference between the two types of crystals. 

As is the case in the first-type crystals, the 
relative depth and clarity of the photocurrent 
minima may differ from sample to sample, and, 
sometimes, may differ also in different parts of 
one and the same crystal. 

Investigations of second-type crystals with 
polarized light reveal a strong dependence of the 
long-wave part of the photoconductivity curve 
upon the polarization of the incident light. 

The dip on the photocurrent curve (Fig. 1a, 
curve 2), connected with line 4870 A, is present 
only in component E | C, and is absent in com- 
ponent £||C; this is due to the strong polarization 
of this absorption line with E | C. It must be noted 
that strong photocurrent peaks near 4890 A on 
curve 2 (Fig. 1a) for component E1C do not 
correspond to any absorption line. The same takes 
place also in the case of the most long-wave and 
intensive peak near 4860 A for component E\|C 
(Fig. 1b, curve 2). Other peaks on the photocurrent 
curves of second-type crystals (Figs. la and b, 
curve 2) do not have any correspondence with 
absorption lines either. These peaks, the position 
of which, by the way, considerably changes from 
sample to sample, are closely connected with the 
depth of the minima (dip) on the photocurrent 
curves of second-type crystals. These peaks 
apparently are caused by the side parts (“‘wings’’) 
of the absorption line shape, the central parts of 
which coincide with the dips of the photocurrent 
curve. Thus, the situation here is analogous to the 
phenomenon of self-reversion of the atomic 
spectral lines, when on the shape of the emission 
line there sometimes also appear two side peaks, 
which change their position according to the 
conditions of the experiment. In this respect, the 
above-mentioned peaks on the photocurrent curve 
of a second-type crystal must be regarded as ‘‘false”’ 
peaks, which should not correspond to the absorp- 
tion lines, and, therefore, no definite physical sense 
should be ascribed to them. 

Such a self-reversion of the peak on the spectral 
curve of the photoemission of coloured alkali- 
halide crystals was observed under certain con- 
ditions by APKER and Tarr®), 

At room temperature the difference between 
first- and second-type crystals still remains. 
Further, we shall consider the connection between 
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these groups and the conditions under which 
crystals pass over from one type to the other. 

Our following observations are testimony to the 
fact that the absorption lines are correctly com- 
pared with the narrow photocurrent peaks (in 
cases of first-type crystals) and narrow dips (in 
second-type crystals), (25) 

By orienting the optical axis of the crystal per- 
pendicular to the rotation axis and parallel to the 
electric vector of the polarizer, it is possible (as is 
known) to observe in an extraordinary ray an in- 
tensification of absorption line 4870 A when in- 
creasing the angle (7 EC) between the crystal 
axis and electric vector of the incident light.'2!) 











A A 


Fic. 3. Influence of rotation of a CdS crystal upon the 
shape of spectral curves of photocurrent distribution. 
a—for first-type crystals; b—for second-type crystals. 


As it is seen in Fig. 3, an increase of the angle 
between E and C from 0° to 40° in first-type 
crystals leads to the appearance of a peak on the 


photocurrent curve in the same place as absorption 
line 4870 A. 

When the angle (/ EC) is increased, the peak 
increases and the whole curve approaches the 
shape characteristics of F | C. 

In Fig. 3b, the behaviour of the long-wave part 
of the photocurrent spectral curve for second- 
type crystals at an analogous rotation of the crystal 
is presented. In these crystals, on increasing the 
angle between EF and C on the long-wave drop of 
the photocurrent curve (on the drop of the “‘false’’ 
peak), a dip, which rapidly increases with the in- 
crease of the angle, appears in the same place as 
absorption line 4870 A. As a result of this, there 
appears on the photocurrent curve a second “‘false”’ 
peak, which shifts in the direction of the larger 
wavelengths and grows in size while rotating the 
crystal. 

At large angles, the shape of the curve 
approaches the curve characteristic of Z| C in 
second-type crystals also. 

It is known that when lowering the temperature 
to 4°K the absorption edge of CdS crystals and 
the lines located near it shift in the short-wave 
direction. The spectral photocurrent curves also 
shift in the same direction. The narrow long-wave 
photocurrent peaks in first-type crystals at T = 
4°K become yet narrower and take up a position 
near A = 4853 A and 4823 A, (i.e. they are dis- 
placed from their positions at 7’ = 77° by 17 A) 
Fig. 12b. It is possible to observe also at 4°K a 
photocurrent peak at 4808 A. In second-type crys- 
tals, the photocurrent dips are located at the same 
wavelengths. The wide, short-wave photocurrent 
peaks (dips) undergo a somewhat smaller tem- 
perature shift. 

The insufficient dispersion of the monochro- 
mator did not enable us so far to reveal the photo- 
current peaks’ fine structure which is connected 
with the existence of longitudinal and transverse 
excitons?) in CdS crystals. According to the 
theoretical conception of PEKAR and DykMAN8), 
the longitudinal exciton waves must give rise to a 
photocurrent several times stronger than in the 
case of transverse ones. 

A cooling to 4°K considerably influences the 
general shape of the spectral photocurrent curve 
(see further). 

A question naturally arises whether the dis- 
covered phenomenon (the fine structure of the 
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photoconductivity curve) is a general one for all 
crystals with an exciton spectrum. The most inter- 
esting substance from this point of view was CugO, 
where the exciton absorption spectrum is observed 
especially clearly. Indeed, the experiments carried 
out in the Soviet Union (Gross and PAsTERNJAK®9) 
and in the United States (ApFEL and Portis‘) 
proved that on the CugO photocurrent curve, in 
the yellow and green parts of the spectrum, photo- 
current peaks are observed. They form two 
hydrogen-like series, which exactly correspond to 
the yellow and green series of the exciton in CugO 
(see Fig. 4). At the same time, the shape of the 
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The most typical curves are presented in Fig. 5. 
A comparison of the absorption spectra data"8: 31) 
reveals that on the photocurrent curve, in the case 
of ELC, the dips at A = 5330A and 4930A co- 
incide with the absorption lines. According to our 
terminology, this curve belongs to the second type 
of crystal. Apparently, the dips on photocurrent 
curve for the case of the extraordinary ray (£||C) 
should also be compared with the absorption lines. 
Absorption line A = 5330A is polarized with 
E1C and, therefore, only the structure on the 
photocurrent curve for the ordinary ray should 
correspond to it. The narrow photocurrent peak 





a 


Fic. 4. The spectral photocurrent dependence of a CugO crystal. The tension of applied 
electric field E = 750 V/cm, T' = 77°K (curves a’, b’, c’). 

Original curves of a fine-structure of spectral photocurrent dependence of a CueO crystal. 
T =77°K. a—tegion of first step, E=1°5 kV/cm; b—region of exciton yellow series, 


E = 750 V/cm; c—region of exciton green series, E = 750 V/cm (After Gross and PASTERNJAK). 


photoconductivity curve reflects all the peculi- 
arities of the absorption-edge structure. 

Asimilar conformity between the fine absorption 
structures and photoconductivity has now been 
discovered in a large number of substances. 
Nearly simultaneously with CdS, these phenomena 
were discovered by us in a crystal of red modifica- 
tion of HglI». Investigations were carried out on a 
number of single HgI2 crystals in polarized light. 


in component E\|C, situated near line 5330 A, we 
think, should not be connected with the absorption 
line. This peak (its position differs from sample to 
sample) is, apparently, a false peak typical of 
second-type crystals, as is the case in CdS. It must 
be noted that in some crystals in component E1C, 
the photocurrent peak may correspond to absorp- 
tion line A = 5330 A (first type of crystal). 

Side by side with the red modification, the 
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Fic. 5. Spectral photocurrent dependence of a Hgle 
crystal (red modification) at ZT = 77°K in polarized 
light. 


orange modification of HglI2 also has a strong 
photoconductivity. At T = 77°K in the long-wave 
part of the spectral photocurrent curves of these 
crystals, a structure is also observed, the extremes 
of which may be compared with the absorption 
lines discovered in this material by S1esKIND and 
his collaborators, 2) In Fig. 6, two most typical 
spectral photocurrent curves for two different Hgle 
crystals of orange modification are presented. 

In single crystals of PbIz and GaSe, the struc- 
ture of the absorption edge is particularly simple. 
Thus, in PbIg at T = 77°K, a wide band with 
A = 4950 A as the centre 8, 33) is observed; in 
GaSe, at the same temperature, we may observe a 
strong line near 4900 A and a wide, weak band at 
5870-5800 A.(34) The simplicity of the absorption 
structure in these substances makes it possible to 
observe, with great obviousness and conviction, 
the phenomenon which was for the first time dis- 
covered by us with CdS: the absorption lines 
manifest themselves as photocurrent peaks in first- 
type crystals, and as dips on the spectral photo- 
current curves in second-type crystals. This 
phenomenon for PbIz and GaSe crystals is illus- 
trated in Figs. 7 and 8. 

We have discovered a rich structure of photo- 
current curves in polycrystalline films of Agl. 


Hgl2 
orange form 
T=77°K 











Fic. 6. Spectral photocurrent dependence in a Hgle 
crystal (orange modification) at T = 77°K. 


Fig. 9 gives the photocurrent curves for the cubic 
(a) and hexagonal (b) modifications of this sub- 
stance. A comparison of obtained results with 
published data on adsorption®5) shows that the 
dips on the photocurrent curves coincide with the 
absorption lines in both AgI modifications. 

The discovered correlation, in a large number of 
substances, between the structure of the spectral 
photoconductivity curves and the line structure of 
the absorption edge, we think, shows a possibility 
of using photoconductivity as a spectral method 
for investigating energy levels in a crystal. The 
investigation of energy absorption levels by means 
of the photoconductivity method does away with 
the difficulties connected with the size, surface 
conditions, and the thickness of the samples. It is 
well known that the preparation of very thin single 
crystals, for investigating their absorption spec- 
trum, presents considerable difficulties. The 
necessity of a registering apparatus falls away. 
This fact is very important when investigating 
those parts of the spectrum which are difficult of 
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Fic. 7. Spectral photocurrent dependence in a Pble 
crystal at T = 77°K. The crystal optic axis is perpen- 
dicular to the sample surface. 


access. As our investigations show, photoconduc- 
tivity spectra in some cases are more “‘sensitive”’ 
than the absorption spectra. Thus, in CdS, a 
number of photocurrent peaks were discovered 
considerably earlier than the corresponding lines 
in absorption. 

Thus, the observations described show that the 
absorption lines are closely connected with the 
structure of the spectral photocurrent curves, and 
can promote both an increase of the photocurrent 
(in the case of peaks) and its decrease (in the case 
of dips). It is of particular interest to find out 
under what conditions the absorption lines mani- 
fest themselves in the spectral distribution of 
photocurrent as peaks, and under what conditions 
as dips. One of the experiments carried out in this 
direction was the thermal treatment of CdS 
crystals with different cooling conditions (anneal- 
ing and tempering). 

CdS crystals were heated in a furnace at T = 
400-500°C during 1-14 hr, and then quickly cooled 
to room temperature or, more often, to the tem- 
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Fic. 8. Spectral photocurrent dependence in a GaSe 
crystal at J = 77°K. The crystal optic axis is perpen- 
dicular to the sample surface. 


perature of liquid nitrogen (tempering). In cases 
of annealing, the crystals, heated during the same 
period of time, were slowly cooled (approximately 
10-12 hr) to room temperature. The spectral 
photocurrent curves were investigated both before 


and after the described thermal treatment at 
T = 77°K. 

First-type crystals, where the absorption lines 
correspond to the photocurrent peaks, essentially 
changed the general shape of the spectral photo- 
current distribution after being subjected to tem- 
pering. From the long-wave side there appeared 
a wide, clear peak; from the short-wave side, a re- 
distribution of photocurrent values took place in 
such a way that the dips on the photo-current 
curve now corresponded to the absorption lines. 
Such a transition took place with greater certitude 
at quicker cooling to T = 77°K. Tempering did 
not produce any considerable effect upon second- 
type crystals. 

Furthermore we established that first-type 
crystals after annealing retained the shape of their 
spectral curves which they had before the thermal 
treatment. (After annealing, in some cases, the 
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Cubic form 


Hexagonal form 








Fic. 9. Spectral photocurrent dependence in Agl poly- 
crystalline films. a—cubic modification; b—hexagonal 
modification (original curves). 


peaks on the photocurrent curve became clearer.) 
In second-type crystals after annealing, the 
spectral photocurrent curves changed and took 
the shape characteristic of first-type crystals. Thus, 
annealing transferred second-type crystals into 
first-type crystals. 

The process of transferring CdS crystals from 
one type into another is quite reversible. We 
managed to transfer a first-type crystal, after tem- 
pering, into a second-type crystal and then, by 
means of annealing, to transfer it back to its 
original state. 

Besides annealing and tempering, we investi- 
gated the influence of a mechanical treatment of 
the surface of CdS crystals upon the structure of 
their photocurrent curves.®® It was possible to 
presume that the influence of defects located on 
the surface would be particularly essential. The 
absorption coefficient in the exciton lines and 
background is quite considerable (more than 
105 cm-!) and, consequently, the excitons and free- 
current carriers arise in the immediate proximity 
of the surface. 








Fic. 10. Spectral curves of photocurrent distribution (in 
relative units for each curve) of a CdS crystal after 
different surface treatments at T = 77°K. 

a—non-treated crystal (the peaks marked by arrows 
coincide with absorption lines) ; 

b—after a short polishing on wet silk; 

c—after polishing with chromium oxide on silk; 

d—after grinding with fine emery powder. 


In Fig. 10 are shown the spectral photocurrent 
curves of a crystal which originally belonged to 
the first type (Fig. 10a) after different mechanical 
treatments of the surface. The treatment of the 
sample surfaces was carried out in the following 
sequence: polishing on the surface of wet silk 
(Fig. 10b); polishing on silk with chromium oxide 
(Fig. 10c); and grinding with fine emery powder 
(Fig. 10d). An examination of the results obtained 
makes it to mention the following 
regularities. 

. Already after a slight treatment of the 
surface, the photocurrent peaks (curve a) 
self-reverse, forming dips (curve b, Fig. 10). 

. The long-wave false peak widens and shifts 


possible 
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in the direction of the long waves (curves 
b, c, d, Fig. 10) when increasing the degree 
of surface treatment. 
It must be noted that with the increase of degree 
of surface treatment the general photosensitivity 
of the samples also falls considerably.* 
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on it) produces a strong influence on the shape of 
the structure of the photocurrent curves in the 
region of the CugO exciton series. 87) The photo- 
conductivity peaks shift and its hydrogenic nature 
is broken (Fig. 11). However, the relatively small 
value of photocurrent peaks in relation to back- 








Fic. 


11. Spectral photoconductivity distribution of a 


CuzO sample at T = 77°K. Sample thickness—400x. 


a—natural surface; 


b—after etching in HNQOsz (a similar curve, but with a 
washed-out fine-structure, is obtained after polishing); 

c—after a 20 min annealing at 150°C in air; 

d—after oxygen photosorption on the annealed sur- 


face. 


Shift of the photocurrent fine-structure peaks in the 
region of yellow exciton series after surface treatment. 


(Original curves.) 
a’—natural surface; 


b’—after etching in HNO3 


(After Gross and PASTERNJAK'?),) 


In the case of CugO crystals, a mechanical treat- 
ment of the surface (and also etching of the sur- 
face and absorption of water and spirit molecules 





*In our first experiments,“9) when the fact of the 
existence of two types of CdS crystals had not yet been 
established, we tried to explain the phenomenon of self- 
reversion of photocurrent peaks by the difference of 
absorption coefficients in ordinary and extraordinary 
rays. On the basis of the facts set forth, this explanation 
was rejected as erroneous, 


ground does not enable us here to observe the 


phenomenon as clearly as in CdS. 

We established that in the course 
changes take place with the photocurrent curves 
of some CdS crystals; these changes remind one 
of those that are caused by a mechanical treatment 
of the surface. First-type crystals pass over into 
second type. A sharp drop of sensitivity in the 
short-wave part of photocurrent curves takes 
place in second-type crystals. This is connected 


of time 
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apparently with the deterioration of the surface 
condition. 

An interesting phenomenon is observed at a 
considerable cooling (to 4°K) of CdS crystals 
which at 7 = 77°K belonged to the second type. 


sample N6 





, ° 
slit width~ 4A 
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An account was given above concerning the 
observed facts relating to the phenomena of photo- 
conductivity. We find it of some interest to com- 
pare them with the phenomena of luminescence, 
as it is known that both these groups of phenomena 


Elc 

Elle 
Cds , T=4:2°K 
sample NI2 


. ‘ ° 
slit width= IA 
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Fic. 12. Spectral photocurrent dependence in a CdS crystal at T = 77°K and 4°K in polarized light. 


An increase of sensitivity takes place in the short- 
wave part of the curves in relation to the long- 
wave part. Simultaneously, the long-wave false 
peak becomes less clear. However, the photo- 
current peaks in these crystals at JT = 4°K corre- 
spond to the absorption lines (at JT = 4°K) as was 
the case at T’ = 77°K. 

In some crystals, a cooling to 4°K causes a con- 
siderable change of the correlation between the 
photocurrent curves and absorption lines. The 
crystal which at 7 = 77°K belonged to the second 
type (the photocurrent dips coincide with the 
absorption peaks), at J’ = 4°K passes over into the 
first type (the photocurrent peaks coincide with 
the absorption lines). The spectral photocurrent 
curves of such a crystal for T = 77°K and T = 
4°K are given in Fig. 12a. 


H 


are often correlated. It turned out that when study- 
ing the spectra of luminescence excitation of CdS 
crystals (at T= 77°K), a connection between 
luminescence and exciton absorption lines is also 
revealed. As is the case on the curves of spectral 
distribution of photoconductivity excitation, on 
the curves of luminescence excitations we observe 
peaks also, which coincide with the exciton absorp- 
tion lines. This phenomenon has also been 
observed by Dutron®®) and by Broupe et al.9) 

Recently, ‘4° it was established that CdS crystals, 
according to the excitation curves of edge emission 
(green) luminescence, may be divided, chiefly, 
into two kinds (Fig. 13, curves 4 and 5). In first- 
type crystals, the peaks on the excitation curves 
coincide with the exciton absorption lines; and in 
second-type crystals, the dips coincide with the 
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Fic. 13. Luminescence excitation spectra of CdS and 
Hgle crystals at T = 77°K. (After Gross et al.(49),) 


exciton absorption lines. These two kinds of 
crystals are closely connected and _first-type 
crystals can be transferred into second-type 
crystals by means of thermal treatment. Thus, an 
evident parallelism between the phenomena of 
photoconductivity is observed here. 

Similar phenomena in luminescence were dis- 
covered in HglIy and PbIe crystals. In Hgle 
crystals (red modification), the excitation spectra 
both of the yellow-green and red luminescence 
were studied on one and the same sample. 4!) The 
excitation spectra of these luminescence bands 
differ considerably. If in the case of the excitation 
spectrum of red luminescence the peaks coincide 
with the absorption lines (A = 5330A and 
4930 A), in the excitation spectrum of the yellow- 
red luminescence, the dips correspond to the 
absorption lines (Fig. 13, curves 1, 2 and 3). A 
surface treatment considerably influences the shape 
of the exciton curves of yellow-green luminescence; 
the excitation curves of red luminescence do not 
noticeably change. 


The appearance of photocurrent peaks in crystals 
where the light in the region of fundamental 
absorption is absorbed completely by the crystal 
is testimony to the existence of two mechanisms of 
photocurrent origination. One of them—the usual 
one—is connected with the direct formation of 
free electrons and holes. The second one is con- 
nected with light absorption in the lines. The 
trustworthy fact that the absorption lines appertain 
to the exciton speaks in favour of the assumption 
that this second creation mechanism of free carriers 
has, as an intermediate stage, a neutral particle— 
the exciton. 

Two principal processes of origination of free 
charges through the exciton state are conceived. 

(1). Dissociation of the exciton by thermal 
oscillation of the lattice. However, the compara- 
tively considerable binding energy of the exciton 
makes this process hardly probable. Besides, from 
this point of view, it would be very difficult to 
explain the phenomenon (which is experimentally 
observed) of transition of photocurrent peaks to 
dips at thermal treatment of CdS crystals. Further- 
more, this process should have had a significant 
temperature dependence, which, however, is not 
experimentally observed either in the peaks or the 
background. * 

(2). An interaction of the exciton either with an 
impurity centre, a defect or other excitons. This 
process provides for a transfer of the exciton 
energy to the electron of the impurity centre or 
defect as a result of a “‘collision of the second 
kind’’.9) We consider this mechanism of photo- 
current origination more probable than the first 
one for the explanation of the phenomena observed 
by us. The proposed mechanism includes in itself, 
as an obligatory fact, the movement of the exciton. 
Therefore, the existence of peaks on the photo- 
current curve should then be considered as proof 
in favour of exciton migration in the crystal lattice. 

If we accept this mechanism of origination of 
photocurrent peaks, it must explain the origination 
of dips on the spectral photoconductivity curve. 
We assume that the defects in the crystal lattice 
play here a considerable role. Indeed, the defects 
are sure to impede the movement of the exciton 
and stimulate its “‘premature’’ non-photoactive 


* It is possible that in individual cases this mechanism 
plays a certain role in the phenomena studied by us, 
but not a leading one. 
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annihilation. This makes it difficult for the exciton 
to migrate to those centres, to interact with them 
and to create free-charge carriers. It is natural to 
assume that the maximum number of such defects 
will be near the surface. This, we think, may 
explain the specific shape of the photoconductivity 
curves with dips. 

The high coefficient in the absorption peak of 
the exciton lines leads to the origination of 
excitons chiefly in the thin layer of the crystal in 
the immediate proximity of the surface. At a 
large concentration of these defects, the annihila- 
tion of excitons will be maximum for spectral 
regions with the highest absorption coefficient 
(centre of absorption line). The excitons formed 
by the outer parts (“wings”) of the absorption 
lines will originate in the depth of the crystal, 
where the concentration of defects is less than near 
the surface. This must lead to the self-reversion of 
the exciton photocurrent peak on the photocon- 
ductivity curve. This causes the formation of dips 
and false peaks in second-type crystals. 

The results of our experiments with thermal 
treatment and grinding of crystals then receive a 
natural explanation from the latter point of view. 
It is known that both at tempering and grinding a 
large number of defects appear in the crystals. It 
is not surprising that after these treatments first- 
type crystals pass over to second-type crystals. 

It is natural to assume that annealing “‘heals’’ the 
defective parts of the crystals and therefore the 
concentration of excitons that take part in the 
origination of a photo-current after annealing 
again increases and photocurrent peaks appear 
again on the places of exciton lines. 

As we have already mentioned earlier, the 
spectral photoconductivity curves of the crystals 
investigated at low temperatures are made up of 
two parts: photocurrent peaks and structureless 
background. This phenomenon, apparently, is in 
conformity with the spectrum on the edge of the 
fundamental absorption, consisting of exciton 
lines and a continuous background. A rise of the 
background in photoconductivity takes place, 
apparently, simultaneously with the increase of 
the background in absorption. This :s seen, for 
instance, from our investigations with evaporated 
CdS films. 26) It must be particularly noted that 
the intensity of the background on the photocon- 
ductivity curves in relation to the peaks changes 


not only from sample to sample but, to a greater 
degree, from substance to substance. Thus, for 
instance, in a CugO crystal the height of the peak 
above the background is so slight that their de- 
tection presented certain experimental difficulties. 
At the same time, in CdS crystals, the exciton 
peaks usually stand out boldly. This shows that 
the contribution of excitons to photoconductivity 
may differ greatly from substance to substance. 
The photoelectric effectiveness (the quantum 
yield) in the lines and background are probably 
different. This is an indication of the different 
nature of these phenomena. We think that the 
existence of a background on the photoconductivity 
curve is connected with the direct formation of 
free-charge carriers by means of light, i.e. by the 
ordinary (usually considered) mechanism. 
However, one must keep in mind that the 
primary formation by light of the electron and 
hole may lead to the formation of excitons as a 
secondary phenomenon. We think it is natural to 
assume that a recombination of the electron and 
hole may take place through the intermediate for- 
mation of an exciton, and that probably a direct 
annihilation of the electron and hole is hardly 
even possible. The free electron and hole when 
meeting at first form the exciton in different 
excitation states, and then annihilate from exciton 
levels either with emission of light or without 
radiation. Thus one can assume two ways of 
exciton formation in a crystal under the effect of 
light—direct and indirect (through the free elec- 
tron and hole). 42) Excitons formed in such an in- 
direct way can also cause a photocurrent as a 
result of collisions with impurity centres or 
phonons. If this phenomenon actually takes place, 
then the exciton photoconductivity component may 
be found not only in peaks but also in a continuous 


background. 
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FINE STRUCTURE IN THE ABSORPTION EDGE OF 
THE SILVER HALIDES* 


F. C. BROWN, T. MASUMI and H. H. TIPPINS 


Department of Physics, University of Illinois, Urbana, Illinois 


Abstract—The results of new optical absorption measurements on pure AgCl and AgBr will be 
reported and compared with the wavelength dependence of photoconductivity in these materials. 
Detailed structure consisting of low-level absorption tails and several shoulders has been found at 
various temperatures down to 4:2°K. The data will be analysed in terms of indirect optical transitons 
together with a plausible band structure and vibration spectrum. 


1. INTRODUCTION 
THE CHARACTERISTIC absorption of AgCl and AgBr 
has been investigated by several workers. For 
example, OkamoTo™) and TutiHast'?) have made 
point by point measurements on both thick and 
thin crystals down to 20°K. The absorption con- 
stant begins to rise in the visible or near ultraviolet 
and increases to values in excess of 10° cm™! in 


the vicinity of 250 mu. One notes a remarkable 
similarity between the observed structure in the 
ultraviolet for AgCl and for an alkali halide like 
NaCl.) There seems little doubt that the first 
strong absorption peak in AgCl, which shows the 
characteristic chlorine doublet,“ is due to a 
direct exciton process associated with an electron 


on a halogen ion. Unlike the alkali halides, 
however, the silver halides have a relatively low- 
level absorption which extends to long wave- 
lengths near the visible. Light absorbed in this 
region produces photoconductivity with high 
efficiency and is also important in connection with 
the photographic process. 

SE1Tz®-6) and others‘) have suggested that the 
long wavelength absorption of the silver halides 
is due to indirect optical processes involving 
phonons to conserve wave number. It was thought 
that a branch of the valence band bends strongly 
upward in at least one direction in k-space. 
Indirect transitions occur between a maximum 
in this band not at k = 0 and a minimum in the 





* Supported in part by the U.S. Air Force Office of 
Scientific Research. 


conduction band at k=0. There are other 
plausible explanations for the long wavelength 
absorption. For example, direct, forbidden transi- 
tions involving levels associated with the silver 
ion have been suggested.) In an attempt to decide 
between the various explanations it was thought 
important to carry out absorption measurements 
on pure crystals) with high spectral resolution 
down to 4:2°K. If indirect transitions are im- 
portant, one expects to find structure associated 
with different phonon processes as reported for 
Ge and Si."29-12) This is indeed found to be the 
case. 


2. EXPERIMENTAL DETAILS 

The measurements were carried out by mount- 
ing the crystals (annealed, zone-refined or other- 
wise purified material) in a glass—metal cryostat!) 
designed so as to locate the sample at the measure- 
ment position of a Cary Model 14R recording 
spectrophotometer.t Under some conditions the 
spectrophotometer was run at its lowest scanning 
rate of one-half Angstrom per second using a 
resolution better than 1 A to reveal details in a 
sharply rising absorption edge. Because of good 
thermal insulation of the cryostat and a slow 
warming rate, it was possible to obtain some data 
at temperatures intermediate between the tem- 
peratures of liquid helium and liquid nitrogen. 





t In this instrument, the sample is located at the 
point of convergence of the incoming light beam and 
the detectors have a large light gathering geometry 
which tends to minimize the effects of surface scattering. 
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Care was taken to determine the true temperature 
of the crystals mounted in the cryostat. The 
samples were surfaced by cutting with a tungsten 
carbide saw followed by microtoming and polishing 
on a soft cloth using either a potassium cyanide 
or sodium thiosulfate solution. The microtome 
was also used to reduce the thickness of some 
samples to values around 100 yp. 

Optical density was obtained from the recorder 
traces by referring to a base line extrapolated 
from beyond the onset of absorption. Little or no 
dependence of the base line on wavelength was 
involved. The absorption constant, K, can be 
obtained after correcting for multiple reflections. 
This was done by an iterative process which 
amounted to determining K from the equation: 


(1—R)* exp(— Kx) 


> 2 (1) 
1 — R? exp(—2Kx) 


where 7 is the transmission of the sample, x the 
sample thickness and R an effective reflectivity. 


3. OBSERVATIONS 

The results for AgBr will be presented first since 
they appear less complicated, probably because 
of a simpler vibration spectrum. Fig. 1 shows 
optical density at low level traced directly from 
the spectrophotometer curves for a AgBr crystal 
0-122 cm thick. Fig. 2 is a plot of very low level 
absorption taken at 4-2°K on a thick crystal after 
changing the slidewire of the recorder for increased 
sensitivity. Note that the data has a characteristic 
shape consisting of a shoulder following an abrupt 
threshold. Slight but definite structure 1 and 2 
appears in the shoulder at 2-70eV and near 
2:72 eV, respectively. As the temperature is 
increased, a low-level tail begins to rise beyond the 
threshold as seen in Fig. 1. Several different 
crystals were investigated and this phenomena 
is apparently not related to impurity content. 
The data of Fig. 1, for example, were taken on a 
crystal which was multiple zone refined in 
halogen.“4) Parts of the ingot were spectro- 
chemically analyzed and showed only a possible 
trace (<0-03 parts per million) of iron."!°) Fig. 3 
shows a plot of (Khv)!/? vs. photon energy ob- 
tained from measurements on both thick and 
thin crystals. Here the method of plotting ac- 


cents the threshold shoulders [Khvoc(AE)!/*] but 
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Fic. 1. Spectrophotometer tracings for a very pure 

AgBr crystal 0-122 cm thick at various temperatures; 

notice at 4:2°K the sharp threshold of absorption 

at 460-8 mp and the growth of a single tail as the 
temperature. is increased. 


permits the presentation of data to a higher 
absorption constant, as well as a comparison with 
the theory of indirect-allowed band-to-band 
transitions [Khvoc(AE)?]. Note the presence of 
a broad bump beginning near 2-84eV in the 
4-2°K data. The low-level tail of the data (Fig. 1) 
is apparent at 77°K and additional low level, 
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Fic. 2. Very low-level absorption in AgBr at 4-2°K 
showing slight structure in the basic shape near 1 and 2. 


long wavelength absorption appears at higher 
temperatures. 
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Figure 4 shows optical density vs. wavelength 
for AgCl at various temperatures. Note that a 
very narrow range of wavelength is covered near 
the threshold of a steeply rising edge. An absorp- 
tion tail increasing with temperature is again 
apparent and a second component is seen at 
higher temperatures. At 4-2°K, the first knee 
begins abruptly at 381 my (3-254 eV) and there is 
just the hint of a broad structure around 380-2 mu 
(3-260 eV). Expansion in sensitivity comparable 
to Fig. 2 was not attempted. Fig. 5 shows absorp- 
tion constant for AgCl to higher values on a (Khyv)!/2 
basis. Definite shoulders at A and B, as well as 
slightly broader structure near C and D, are seen. 

Figure 6 shows transient photoconductivity at 
78°K and at 2°K for both AgCl and AgBr. The 
data were taken using a vibrating reed electrometer 
to record a small amount of charge released by low 
intensity pulses of light from a quartz prism 
monochromator.) The sample, immersed in 
either liquid nitrogen or pumped liquid helium, 
was illuminated from the side in a direction parallel 
to the plane of the electrodes. Unlike the absorp- 
tion data, the photoresponse was observed point 
by point and care was taken to avoid polarization 
or space charge effects. The photoresponse plotted 
in Fig. 6 was corrected for variation in the number 
of incident photons with wavelength but not for 
absorption constant. 


300 310 320 


hy (ev) 


Fic. 3. (Khv)!/2 vs. photon energy, Av, for AgBr from data taken 
up to higher absorption constant and temperature than Figs. 1 
or 2. 
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Fic. 4. Spectrophotometer tracings for a pure AgCl crystal 
0-208 cm thick. 


4. DISCUSSION 
Some general remarks are in order before 


presenting an anaylsis of the absorption data. 
First, it is apparent that the smooth exponential 
behavior of K predicted by ‘‘Urbach’s rule” “?) 
is not valid at very low temperatures (below 77°K) 
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(Khv)!/2 vs. photon energy, Av, for AgCl 
results of both thick and thin crystal data. 
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in the silver halides. Even at high temperatures, 
except at very low level, the extinction must arise 
because of the merging of phonon absorption and 
emission processes reminiscent of the situation in 
Ge and Si.1,12) There is, however, a remarkable 
smoothing of the structure as the temperature is 
increased above about 65°K. (See Fig. 4.) Notice 
further that very low level (K < 0-5 cm™!) more 
or less exponential tails begin to occur above this 
temperature at wavelengths beyond the threshold 
for indirect transitions. ‘“‘Urbach’s rule’ is 
apparently applicable to this low level absorption 
at higher temperatures. An explanation has been 
given by Dexter") who showed that the effect of 
temperature is to produce a tail in the density of 
states toward lower energy measured from a band 
gap. Apparently this phenomena also causes a 
smoothing of the exciton structure at moderate 
temperatures in the silver halides. The effect 
seems to be a little stronger in the chloride than 
in the bromide. 

Since thermal broadening and the low level 
tails discussed above are not very important below 
77°K, it is possible to analyze the low temperature 
absorption data in terms of indirect processes. 10) 
The band structure and vibration spectrum of 
the silver halides is not well known at present. 
However, magnetoresistance experiments"9) have 
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Fic. 6. Transient photoconductivity vs. wavelength near the edge for AgCl and AgBr. The vertical scale is arbitrary 
so that the four curves cannot be compared with one another as to magnitude. The photo-response in each case 
is proportional to the number of electrons collected per photon incident. 


recently shown that the conduction band of AgBr 
is of nearly standard form with a minimum at 
k = 0. An analysis of the absorption data assuming 
indirect transitions near the center of the zone with 
high energy optical phonons) was not satis- 
factory. ‘Therefore it seems plausible for both 
salts, that indirect transitions occur from one or 
more maxima in the valence band not at k = 0 
to a minimum in the conduction band near 
k = 0 as originally suggested. 


Let us first discuss the simplest data, that for 
AgBr. There are various ways to interpret the 
observations but one is most plausible and 
internally consistent. We suggest that one fairly 
low energy phonon is involved toegther with a 
single maximum in the valence band probably at 
the zone boundary. An analysis of the absorption 
constant into components K, and Ka corre- 
sponding to phonon emission and absorption can 
be carried out as explained in Refs. (10-12). The 
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results are given in Table 1. Since a phonon 
absorption tail is missing at 4-2°K, the data 
for this temperature is taken to indicate the 
basic shape. This same shape increased by 
1/[1— exp(—@/T)] is used for the emission 
component K,(7') at higher temperatures. 


Table 1. Threshold energies Eq and E, for absorption 

and emission of a phonon of temperature @ together 

with the resulting energy gap E, for AgBr as a 
function of temperature 


T(K) Ea(eV) Ee(eV) 6(°K) E,(eV) 





2°6836 
2-6835 
2°6825 
2-6765 


—- 2-690 
2°677 
2-676 
2-670 


It may be that the shoulder and higher energy 
peak in the basic shape correspond to excitation 
to the n= 1 and n=2 states of the exciton 
respectively. The intensity ratios more or less 
agree with Exvriot’s®!) estimate for indirect- 
allowed excitons. The observed separation is 
0-13 eV which gives a reduced mass m = 0-27 m, 
from the equation: 

13-6 m /1 


AE 


In view of the likelihood that the hole is heavy, 2?) 
m is close to the electron mass and is in reasonable 
agreement with other results '°*), We have used the 
optical dielectric constant « = n? = 4-6 for AgBr 
since the exciton radius lies well within the limit 
v1 given by HaKEN4) but of the order of a few 
lattice spacings. 

Excitons must dissociate with reasonable pro- 
bability at the surface or at imperfections in the 
silver halides since the 2°K photoresponse shown 
in Fig. 6 begins coincident with the absorption 
edge. A marked increase occurs near 2°8 eV in the 
bromide and this might well correspond to the less 
strongly bound m = 2 exciton states. The exact 
shape of the exciton absorption, including the 
very slight structure of Fig. 2, is left unexplained. 

A tentative explanation of the chloride data is as 
follows. The basic shape of the indirect exciton 


absorption includes peaks A and C of the 4-2°K 


MASUMI and H. H. 


TIPPINS 


data, Fig. 5.* Both a low energy, 6; = 93°K, anda 
high energy 62 ~ 250°K phonon are involved. The 
lower energy phonon can be determined quite well 
by an analysis of the low-temperature curves 
before thermal broadening sets in. Results are 
given in Table 2. The weak absorption component 


Table 2. Threshold energies Eq and E, for absorption 

and emission of a phonon of temperature 6; together 

with the resulting energy gap Ey for AgCl as a 

function of temperature. A second phonon 02 ~ 

250°K may be important in the chloride but is not 
shown 


| Ea(eV) 


TK) Ee(eV) 6(°K) 





4-2 


| 
| 





Koa lies under the ‘‘exponential’’ tail seen in the 
77°K data (Fig. 5) and cannot readily be used to 
determine 62. Peaks B and D of Fig. 5 would 
correspond to the basic shape involving emission 
of the higher energy phonon, 62. The lower 
energy phonon is probably an acoustic phonon 
near the zone boundary, whereas 42 could belong 
to the optical branch. 9) 

A band calculation for the silver halides would 
be most important in connection with the assign- 
ments made above. This might be carried out 
according to recent developments, 6) In addition, 
it would be valuable to have more information on 
the vibrational spectrum of these crystals. 
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* If these correspond to the states nm = 1 and n = 2, 
use of equation (2) and e = n? = 4-0 gives m = 0:08 me 
which is rather small. Excitation to n = 2 and n = 3 
states would occur in the indirect-forbidden case. This 
would result in m = 0-4 me. The possibility of structure 
beyond 3-4 eV has not been investigated. 
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Abstract—Near band edge, fluorescent emission in CdTe is described. Longitudinal optical phonon 
spacing between emission lines is observed at 20°K. Analogous spectra in ZnS, CdS, ZnSe, CdSe 
and ZnTe show this to be a general rule for II-VI compounds. Emission lines of instrumentally 
limited width < kT were observed in CdTe, ZnTe and ZnSe. In conjunction with similar prior 
observations in Si, CdS and SiC, one concludes that such narrow line emission must also be of 
general occurrence near the band edge in semiconducting materials. A preliminary investigation of the 
dependence of the CdTe spectra on impurity content and conductivity type, and of the influence of 
temperature on position and relative intensity of emission provides useful correlations to guide 


further study. 


INTRODUCTION 

Ar 20°K, single crystal CdTe exhibits a variety 
of emission “‘lines” of near band-gap energy in 
fluorescence, many occurring equally spaced in 
series.) Similar behavior has been observed in a 
number of semiconducting materials, suggesting 
the general occurrence of similar types of recom- 
bination mechanisms. In silicon, where the lumin- 
escence is best understood, three types of band- 
edge emission lines have been reported: (a) 
emission from bound and free particle recom- 
bination;®) (b) exciton emission with phonon 
cooperation; ) and (c) emission from an immobile 
four-particle complex formed when an exciton 
encounters an occupied donor or acceptor im- 
purity level.45) In compounds, the possibility of 
interaction between impurity and stoichiometric 
defects multiplies the number of possible transi- 
tions. Recent experimental investigations in SiC, 
CdS-1)), ZnSe"2), and ZnTe 3) have achieved 
only a limited correlation of band edge emission 
with specific crystal defects. In this paper, band- 
edge emission spectra observed in CdTe at 20°K 
are described. Much more detail is observed than 
at higher temperatures.‘!4:15) Some correlations 
with spectra in other compounds are evident. 


EXPERIMENTAL PROCEDURE 
CdTe crystals can be grown from the melt by 
* Supported in part by the Aeronautical Research 
Laboratory, Office of Aerospace Research, USAF and 
by the Aeronautical Systems Division, Air Force Systems 
Command, USAF. 


variations of the Bridgeman-Stockbarger method 
or from the vapor. ‘14,16,17)+ We have employed two 
types of growth from the melt. Undoped crystals 
have been grown from high purity Cd and Te 
metal under controlled Cd pressure. A tempera- 
ture gradient of approximately 7°C/cm was passed 
through stationary 150-200 g CdTe melts at about 
1-5 mm/hr. Pure crystals and a limited group of 
crystals with 200 p.p.m added impurity have been 
grown by passing 15-20 g charges in pyrolytic- 
graphite-coated quartz ampoules through a r.f.- 
heated graphite sleeve at rates of 3 to 6 mm/hr. 
Although the tip section is often polycrystalline, 
the bulk of each ingot consists of a few large 
single crystals. For observations of band-edge 
emission spectra, either single crystals were cut 
to yield flat surfaces which were chemically 
polished"8) or, preferably, cleaved surfaces were 
employed. 

Spectra have been measured in an apparatus 
employing a filtered high pressure mercury arc 
(GE AH-6) as an excitation source, a 30 A/mm 
dispersion monochromator, and a cooled infrared- 
sensitive photomultiplier detector (RCA 7102). 
Samples were mounted with a CdTe powder 
loaded calorimeter cement on a coolable copper 
substrate. They were masked, except for an ob- 
servation slit, with indium foil. A thermocouple 
secured in pressure contact with the edge of a 
crystal by calorimeter cement, but shielded from 


+ The authors wish to thank D. G. Tuomas for a 
preprint of his forthcoming paper on ‘‘Excitons and 
Band Splittings Produced by Uniaxial Stress in CdTe’’. 
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exposure to excitation by the foil, was used for a 
temperature measurement. 


RESULTS 
Figure 1 shows an emission spectrum for an 
undoped CdTe crystal at 20°K. The position of 
the exciton absorption peak, derived from re- 
flectance data, is shown to occur at 1-594 + 0-001 


| 


140 ~ 145 
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spectra are consistent within their experimental 
error. The origins of the tabulated static and optical 
dielectric constants, e, and e,, and the transverse 
optical phonon energies, Z7, are given. A mean 
value is employed where anisotropic static di- 
electric constants have been measured. With the 
possible exception of ZnS, the correlation is 
excellent. Recent infrared absorption and _ re- 


EXCITON 
| ABSORPTION 





Se 
1.50 155 


PHOTON ENERGY (ev) 


Fic. 1. 


Fluorescent emission spectra near the band edge in CdTe at 20°K. Series 


of lines separated by the k = 0 longitudinal optical (LO) phonon energy, 


0-021(3) eV, are observed. Emission lines of width 


kT occur at = 1°51 eV and 


~ 1:59eV. Various portions of the emission are shown in more detail in 
subsequent figures. 


eV. The band edge is placed by estimating an 
exciton binding energy of 0-012 eV. Some re- 
duction in the apparent complexity of the emission 
results from the fact that series of lines separated 
by 0-021(3) eV are simultaneously present. It has 
been shown that the band-edge emission lines are 
separated by the longitudinal optical phonon 
energy for ZnS, ZnO” and CdS®), This 
relationship is confirmed for CdTe in Table 1. 
The band-edge emission line separation energies 
have also been measured in crystals of several 
other II-VI compounds at 20°K to ascertain 
the generality of this correlation. In each case, 
the tabulated line separation is taken from the 
spectrum obtained with the best resolution of 
phonon structure. Results from less well resolved 


flectivity data for ZnS are not consistent with each 
other. The reflectivity curve which gives a poor 


correlation in Table 1 has been noted to be 
anomalous in shape. ‘?9) 

The emission peaks immediately adjacent to 
the band edge are shown in more detail in Fig. 2 
for samples from two boules employing the same 
starting materials. They have phonon satellites 
of the order of 1 per cent relative intensity. Of 
particular interest is the fact that some have a 
width at half-height limited by instrumental 
resolution but significantly < kRT(kT = 0-002 eV 
at 22° K). Others appear ~ AT in width. With an 
increase in temperature between 20°K and 80°K 
the peaks shift 0-011 eV tc lower energy at the 
same non-uniform rate as the exciton absorption 
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Fic. 2. Fluorescent emission near the exciton absorption peak in CdTe at 20°K for 
two crystals grown from the same Cd and Te. The positions of the exciton absorption 
peak and of the estimated band edge are indicated. Phonon spaced satellites of ~ 1 
per cent relative intensity are present. Emission lines of width ~ kT and of instru- 


mentally limited width 


peak.‘!?) The intensity of the emission peaks in this 
group decreases with increasing temperature, the 
rate of decrease being greatest for the lower energy 
peaks. Preliminary attempts to correlate these 
spectra with impurity content have proved un- 
successful to date. ‘The emission observed in this 
region with doped crystals has been of insufficient 
intensity to resolve the structure. In addition, some 
loss of resolution observed in doped crystals now 
appears due to the method of growth and possibly 
subject to removal by annealing. 

Several types of emission processes might be 
anticipated in this energy region at low tempera- 
tures. Emission peaks coincident in energy with 
exciton absorption peaks and attributed to free 
exciton recombination are observed to result from 


kT are observed. 


band-gap excitation in CdS. They could have 
an analog here. From transitions between donor 
impurity levels and the valence band, emission 
might be anticipated at energies a donor-level 
depth, ~ 0-02 eV in CdTe,*) less than band-gap 
energy. The width of such an emission line would 
be determined by the energy distribution of the 
holes. An immobile four-particle complex at a 
donor site would give peaks < AT in width inter- 
mediate in energy between donor and exciton 
emissions.+5) Band-edge emission narrow with 
respect to RT has been independently observed 
in CdTe,"%7) also in CdS) and SiC). We have 
also observed such emission in ZnTe and ZnSe. 
One may therefore suspect general occurrence in 
semiconducting compounds of emission from 
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Table 1. 
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The energy spacing observed between fluorescent emission lines in various II-VI com- 


pounds is compared with a longitudinal optical phonon energy calculated from cited reststrahl 


and dielectric constant data using 


Transverse optical 
phonon energy (eV) 


the relation: Exo = Er(€s/€o)*/? 


Longitudinal optical phonon 
energy (eV) 





Calculated Observed 





10-6(14,16) 
10 -0(23) 
Q -2(23) 
10-1(23) 
8-1 (26) 
8-1 (29) 


0-0174(21,14,16) 
0-023(22)* 
0-0299('8) 
0-0236(22)* 
0-026'26) 
0-034—0 -038(22)* 
0-048(29) 


0-0213 
0-027 
0-038 
0:0259 
0-0314 
0-044 


0-021 
0-027 
0-039 
0-026 
0-031 
0-042-0-048 
0-060 


-13(21,14,16) 
“(2 (24) 
+2.4(24,25) 
+26(23) 


7 
7 
5 


ae 


7 5 (26) 


8 
5- 
5 -13(25) 


* The position of the absorption maximum is taken as an approximation of the resonance frequency. 


immobile complexes. The above processes all 
should yield emission peaks shifting in energy 
with temperature approximately as the band 
gap. In fact, any complex whose electronic 
structure can be described in terms of the states 
at the edges of the valence and conduction bands 
(i.e. by the effective mass approximation) should 
show this temperature dependence. The possibility 
of such processes is not inconsistent with the 
emission observed in CdTe and provides working 
hypotheses for further study. 

Between 1-47 and 1-56 eV in Fig. 1, two series 
of lines with prominent phonon spaced satellites 
are simultaneously present. This emission pattern 
from undoped CdTe is drawn on an enlarged 
scale in Fig. 3, curve 1. The two series are observed 
to be separated by 0-008 eV. Maximum emission 
occurs at the highest energy peak of each series. 
The relative intensity of the two series is strongly 
temperature dependent with the lower energy 
series becoming dominant at low temperatures. 
The emission shifts 0-011 eV to lower energy at 
80°K. If, however, the emission of curve 1 is 
observed in low resolution as one set of lines, the 
loss of the lower energy series with increasing 
temperature can, a limited temperature 
range, give an apparent shift to higher energy 
with increasing temperature. This emission 
pattern was found to occur, equally well resolved, 
at energies up to 0-02 eV greater than shown. A 


over 


shift in energy was apparent between materials 


grown in graphite and quartz crucibles. This 
shift could also be produced in emission from the 
surface of graphite-grown CdTe by heating the 
specimen in oxygen. 

Emission in this energy range was also examined 
in a series of crystals grown with 0-02 per cent 
added impurity. The results for several samples 
are also shown in Fig. 3. The emission patterns 
occurred with a maximum near 1-52(5) eV for 
samples (with conductivity types noted) containing 
excess Cd(n), Tl(m), Ga(m) and Al(p). Crystals 
containing Cd deficiency (p), Cu(p), Ag(p) and 
In(m) exhibited a maximum near 1-55 eV. Spectra 
comprised of a combination of these emission 
patterns were observed, the lower energy pattern 
becoming more pronounced with decreasing 
temperature. The position of these spectra varied 
with temperature as previously noted. In our 
doped samples, broad peaks were obtained al- 
though phonon structure was still evident at 20°K. 

This emission appears analogous to the green 
edge emission of CdS. Emission is strong in both 
pure and doped material suggesting that a lattice 
defect can but may not necessarily have to be 
involved in the recombination center. ‘Two 
factors appear to influence the position of the 
emission. One, resulting in a continuous shift 
of a well resolved emission pattern, may be due to 
a change in lattice constant resulting in our case 
from the incorporation of oxygen as an impurity. 
The other, resulting in two preferred positions 
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Fic. 3. 20°K fluorescent emission in CdTe believed analogous to the green ‘“‘edge emission’’ of 

CdS. The spectrum for undoped CdTe (1) reveals the presence of two sets of lines with LO phonon 

spacing separated by 0-008 eV. The spectra for CdTe with defects or impurities added, (2)-(5), 
occur with maximum emission preferentially at ~ 1°52 eV and » 1°55 eV. 


for the emission, was first noted as a reversible 
shift with stoichiometry in undoped material. A 
similar shift in position has been observed in 
ZnSe."13) The preliminary data on doped samples 
show that edge emission is definitely influenced by 
impurities but provides no clear indication of the 
origin of this effect. The temperature dependence 
of emission energy is the same as that of the 
exciton absorption peak. 2”) 

Between 1-49 and 1:51 eV in Fig. 1, narrow 
emission lines are observed which are shown in 
more detail in Fig. 4. The emission can be < kT 
in width at 20°K as seen in curve 1. Closely 
spaced structure is observed. In our undoped 
material the peak at 1-508eV is dominant. 


I 


Emission at 1-503 eV was strong in Ga- and In- 
doped samples, curves 2 and 3, and evident also 
in Al-doped material. Examined in more detail 
at 80°K, these peaks retained 50 per cent of their 
20°K intensity, were unchanged in width (there- 
fore narrower than kT), and prominent in the 
80°K emission. The temperature change from 
20°K to 80°K moved these peaks 5x 10-4eV 
to lower energy, + per cent of the change in band 
gap. In acceptor doped CdTe, curves 4 and 5, the 
peak at 1-495 eV was observed. The small tempera- 
ture dependence of position of the peaks suggests 
that transitions within an unidentified impurity 
ion are involved. 

Emission spectra observed below 1-48 eV are 
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Fic. 4. Narrow emission lines occurring at 20°K in CdTe ~ 0-1 eV from the band 
edge. Donor and acceptor impurity additions influence the position of the emission as 
shown. 


shown in Fig. 5 for CdTe(n), CdTe(p), 
CdTe:Ag(p), CdTe:Au(p) and CdTe:Ga(n). The 
emission band of CdTe:Ga is representative 
of those with other donor-doped 
materials. These spectra are clearly dependent 
upon the identity of the acceptor impurity or 
defect. For n-type undoped CdTe (excess Cd), 
spectrum (1), no emission is observed in this 
region. For p-type undoped CdTe(2) emission 
centered at & 1-43eV is observed. This is 
attributed to Cd vacancy formation."4) A similar 
emission pattern should result if the crystal 
compensates for donor introduction by Cd 
vacancy formation. Curve (3) for CdTe:Ga shows 


observed 


this to be the case. Curve (4) shows that Ag can 
introduce an impurity level 0-04 eV closer to the 
band edge than the 1-43 eV Cd vacancy emission. 
Curve (5) places a CdTe:Au emission peak below 
1-32 eV, not inconsistent with the peak value of 
1:26 eV previously reported, 4) 

These preliminary emission results appear 
quite analogous to the luminescent properties of 
II-VI compounds of larger band gap. This 
encourages the expectation that the combination 
of optical and electrical properties of CdTe will 
make it a useful study material in developing an 
understanding of the extrinsic behavior of this 
class of materials. 
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Fic. 5. Emission below 


144 1.48 152 


1:50 eV in CdTe is strongly dependent upon the identity of ac- 


ceptor impurities or defects present as shown. CdTe:Cd(1) contains no added impurities and 
stoichiometric acceptors, CdTe:Ga(3) is representative of III B donor-doped material. LO 
phonon structure is evident in spectra (2) and (4). 
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UNUSUAL PHOTOCONDUCTIVE EFFECTS 


T. S. MOSS 


Royal Aircraft Establishment, Farnborough, Hants, England 


Abstract—Two classes of effect are discussed. In the first, electrons which are already free are 
excited into higher energy states where they have different mobilities—in contrast to conventional 
photoconductive effects which are due to excitation of electrons from bound states to conducting 
states. Such effects can arise from transitions between different conduction bands, between magnetic 
levels or even within the conduction band continuum. 

The second class discusses effects in metals in either the normal or superconducting state. 


INTRODUCTION 
THE EFFECTS to be considered can be divided into 
two general classes: 

(1) Effects in semiconductors due to changes of 
mobility. 

(2) Effects in metals. 

Phenomena in the former class are in contrast 
to conventional photoeffects which occur when 
radiation excites electrons from bound states to 
states where they can move freely through the 
crystal and contribute to the conductivity.* In 
terms of the simple expression for conductivity 
by electrons: 
o = ney, (1) 


the conventional case corresponds to an increase 


in conductivity 
Ao = Aneu (2) 


If we have radiation induced transitions which 
excite free carriers from a state where they have 
mobility ,.; to a state of mobility 2, then although 
the total number of carriers present is unchanged 
there will nevertheless be a change of conductivity 
given by: 
Ao = Ane(u2—p1). (3) 


If the mobility change is large, i.e. we > p41 (or 
even pig < j11), the effect would be readily observ- 
able if values of An comparable to those found in 
normal photoconductivity could be obtained. 





* This discussion is intended to cover positive holes 
instead of (or as well as) electrons. 


However from the general expression 
An = Q7, (4) 


we see that the magnitude will depend directly on 
7, the lifetime in the new state, which may be very 
small except perhaps at low temperatures. Deter- 
mination of values of 7 may well be one of the most 
important outcomes of this type of experiment. 
Four possible ways for such photoeffects to occur 
will be considered separately. 

Photoconductivity in metals has been ignored 
largely on terminological grounds. In fact, metals 
must have filled bands from which electrons can 
be excited optically into states where they can 
increase the conductivity—however slightly, and 
it will be shown that, particularly in the poor or 
semi-metals, effects should be observable. In 
addition, good metals may show effects if there are 
suitable energy gaps present as in the super- 
conducting state. 


TRANSITIONS BETWEEN DEGENERATE 
VALENCE BANDS 


It is well known that in germanium and silicon 
the valence band is degenerate, with three distinct 
sub-bands, all having extrema at k = 000.) The 
band structure of the III-V compounds is similar; 
because, although theoretically there should be 
linear terms in k which displace the extrema, 
these terms appear to be very small. Absorption 
resulting from transitions between these sub-bands 
has been observed in p-type Ge by several 
workers, (2:3) 
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The absorption arises from vertical transitions, 
i.e. no phonons are required. Transitions can occur 
from bands V; and V2 to V3 and also from Vy 
to V2. Transitions at k = 0 are forbidden by 
selection rules, but away from k = 0 the rule 
breaks down and absorption will occur. As most of 
the holes are normally in the heavy hole-band Vj, 
the main absorption will be due to transitions 
from V; to V3—particularly at low temperatures. 
The spectral dependence of the photoconductivity 
should resemble the absorption spectrum. 

The magnitude of the voltage output (AV) from 
a photoconductor is given by simple theory to be: 

AV Or ( v3— 1 ) 
, 


Pl 


ie 


where 

V is the steady polarizing voltage, 

QO is the rate of absorption of photons, 

7 is the lifetime in V3, 

P is the total number of current carriers in the 
dark, and jg and jy; are the mobilities in V3 and Vj. 


There are no experimental values for ug, but an 
estimate may be obtained from impurity scattering 
theory.) For p = 5x 1016 cm-3 for example, we 
find yg = 1-3 m?/V sec at liquid-air temperature, 
which is an order larger than the measured value 
of 4; for this purity, namely 0-12 m2/V sec. 

The photoconductivity would thus be quite 
marked, provided 7+ were reasonably large. 
Experimentally, however, we found the effect to 
be extremely small,() and only under limiting 
conditions was it possible to detect it at all. By 
measuring all the parameters in equation (5) 
except 7, it was possible to determine the latter 
within rather wide limits. The result gave the 
extremely low value: 


7 = 4—14 x 10-1!" sec at 77°K, 


which is only some 10 or 20 times larger than the 
scattering time corresponding to ps3. 


PHONON ASSISTED TRANSITIONS BETWEEN 
BANDS IN DIFFERENT REGIONS OF k-SPACE 


Most semiconductors have bands in different 
parts of k-space with extrema at different energy 
levels. In Ge for example,) the lowest conduction 
bands have ellipsoidal energy surfaces in the 111 
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directions with minima at 0-66 eV above the top 
of the valence band (at room temperature). In 
addition, there is a band at & 000 at 0-80 eV above 
the valence band, i.e. ~ 0:14eV above the 
ellipsoidal energy surfaces. 

It must therefore be possible to excite electrons 
into the k000 band by photons of wavelength 
~ 8-5, provided that momentum is conserved 
by phonon interaction. The effective mass at k 000 
is only 0-036 mo, compared with longitudinal and 
transverse masses of 1-6 m, and 0-08 m, in the 
ellipsoidal bands, so that a considerable increase 
in mobility should occur. Data for GaSb, whose 
band structure resembles Ge, show that the 
mobility at k 000 is 8-16") times that for the 
111 band. 

No evidence of this type of transition in Ge has 
been observed so far, but Fan?) reported recently 
that n-type GaSb has a small absorption band at 
0-4 eV which is tentatively attributed to transitions 
from the 000 or 111 minima to a minimum in the 
100 direction. 

Data on the main absorption edge of germanium 
indicate that indirect, phonon assisted, absorption 
gives an absorption coefficient about 100 times 
smaller than for vertical transitions—although the 
higher density of states in the 111 ellipsoids favours 
the non-vertical transitions. Hence it is expected 
that the absorption resulting from transitions 
between conduction bands will be rather weak. 


TRANSITIONS BETWEEN MAGNETIC LANDAU 
LEVELS 

When a magnetic field is applied to an n-type 
semiconductor, the continuum of levels in the con- 
duction band coalesces into discreet Landau levels. 
Transitions between these levels give cyclotron 
resonance absorption. 

If the conduction band is non-parabolic, then 
the effective mass will be energy dependent and 
the mobility will change slightly following a 
transition to an adjacent level. 

For InSb for example, the band theory of 
Kane®) gives for the E-R curves: 


_ E(E+G)(E+G+A) 
k2P2 = (6) 
(E+ G+2A/3) 





where 
G is the energy gap, 
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A is the spin-orbit splitting, 

P is the matrix element, and 

E is measured above the bottom of the con- 
duction band. 
The Landau levels are given by: 





G G+A 
sce) zara) 
E+G+2A/3 

( G+2A/3 ) 


E= (n+ Jo 


(7) 


where o = Be/m* is the angular cyclotron 
resonance frequency appropriate to m*, the mass 
at the bottom of the conduction band. 

The effective mass is given by: 


m* = }h2(dk2/dE). (8) 


Consider n-type InSb with so few carriers that 
they are all in the lowest Landau level. Assume 
cooling to liquid-air temperatures or below, when 
G = 0:23 eV, and a magnetic field of 38kG 
which gives: 

E(n = 0) = 0-03 eV, E(n = 1) = 0-077 eV 
Thus the transition from n = 0 ton = 1 will occur 
at hv = 0-047 eV or 26. Taking m* = 0-0143 
mo,'®) then from equation (6) the effective masses 
at these energy levels are: 


m*(n = 0) = 0-0177 mo, ~m*(n = 1) = 0-0229 my. 


Thus if the mobility in the Landau levels is 
inversely proportional to m*, it will decrease by 
1:3:1 following the transition.t For wavelengths 
< 26 the change will of course be larger. The 
effects should thus be considerable if + is not too 
small. 

The scattering times estimated from the width 
of cyclotron resonance lines are very low, namely: 
5x 10-18 sec at room temperature, increasing 
to ~ 10-sec at liquid-helium temperature.) 
The time spent in the upper Landau level may, 
however, be considerably larger than this—it is 
unlikely to be less than the energy relaxation time 
discussed in the next Section. 

For a circularly polarized wave, the absorption 


t Energy dependence of the scattering time is also 
significant, as discussed in the next Section. 
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coefficient in a magnetic field is: 


Oo/nceo 


where n is the refractive index. 

Thus at resonance the absorption is quite high. 
Even in very pure InSb for example, at low 
temperature, taking 10!electrons/em? and 
pw ~ 105cm-!, we have K = 100 cm~!, 


TRANSITIONS IN THE CONDUCTION BAND 

The free electron in the conduction band (or 
similarly the holes in the valence band) can 
absorb energy from radiation. This will increase 
their energy above the thermal equilibrium value 
appropriate to the lattice temperature, and hence 
change their mobility. 

The main effect on the mobility in this case will 
be the energy dependence of the scattering time— 
changes in mass with energy will be ignored. 
Scattering with phonons will be the main process 
for dissipating the excess carrier energy, which will 
decrease with an energy relaxation time (7¢) given 
by: 

@E/éT = (E—E>)/te, 


where E and Ep are the actual and equilibrium 
carrier energies. 
or , ; 
The phonon scattering time will be energy 
dependent i.e. 
I/tp oc TEM2m+i/2, 


Now it has been shown by GuNN(2) that 7, 
is considerably larger than rp, the relation being: 


tet» ~ RT/m*U?, 


where U is the phonon velocity. 

As m*U? is only 10-6eV for InSb, 7z¢ is 
hundreds of times greater than rp even at liquid- 
helium temperatures. 

It has been estimated from measurements of 
the voltage dependence of mobility"®) that for a 
particular specimen of very pure InSb the energy 
relaxation time reached 7, ~ 10-7 sec at 2°K. 

At low temperatures, the mobility will probably 
be determined by impurity scattering, giving: 


pw oc E3/2 
so that 


AV/V = Ap/p = 3AE/2E. (10) 
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Now AE = Pz, ,where P is the radiant power 
absorbed, and E ~ NRT, where N is the total 
number of electrons in the specimen. Hence for 
te = 10-7 sec and T = 2°K: 
AV/V ~ Pre/NkT (11) 
i.e. AV/V ~ 104 per watt for a small specimen. 
This is a very high value of responsivity 
corresponding to ~ 10-14 W for signal = Johnson 


noise—so the effect should be very easy to detect 


and may well result in an efficient long wavelength 
detector.3) At short wavelengths, the absorption 
of material of the purity discussed above will be 
very low but will of course increase in proportion 


to carrier concentration. 


PHOTOCONDUCTIVITY IN METALS 

Photoconductivity in metals seems to have been 
considered impossible in the past simply on the 
grounds that metals are not semiconductors and 
therefore not photoconductors. Although the 
conduction bands in metals contain large numbers 
of electrons, the excitation of more electrons from 
lower energy valence bands must produce some 
increase in conductivity, however small. With 
modern techniques these effects may well be 
detectable—particularly in poor or semi-metals. 

Let us consider a very small, but feasible, 
specimen of metal to be investigated, with dimen- 
sions: 0-3 x 0-03 x 10-4 cm. (This is roughly the 
size of the strips used in a metal bolometer. For 
photoconductive investigation, the specimen can 
and should be mounted on a heat conducting 
backing.) The resistance of such a specimen will 
be: R = 10%. 

For a poor metal such as bismuth, p ~ 10-42 
cm, so that R ~ 10 Q. For many alloys approxi- 
mately the same resistivity can be obtained. It is 
therefore feasible to use a polarizing voltage of 
1 V across the specimen. 

We have: 


AV/V = AR/R = AN/N = Q7r/N. (12) 


Takin a high radiant intensity of 1 W, of which 
~ 10 per cent is assumed to be absorbed, giving 
QO ~ 1018 photons per second, we have: 


AV = 10187/10-6% = 10247/n, (13) 


where n is the electron density . 
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Taking the limit as Johnson noise in 1 c/s 
bandwidth, i.e. AV, = 10-9 V, we have for the 
signal/noise ratio: 

S/N = 10°37/n. 


(14) 
Hence for Bi, where n < 1029 cm-3, we have 


S/N ~ 10187, (15) 

Thus even if 7 is as low as 10-1 sec, large values 
of signal/noise should be obtained, and if suitable 
samples of bismuth can be prepared it should 
be possible to measure spectral sensitivity curves. 
Metals of resistivity ~ 10-°>Qcem with ~ 1072 
electrons/cm® should give detectable photocon- 
ductivity unless the lifetimes are particularly 
unfavourable (i.e. < 10-1 sec). 

If lifetimes are very short it will be preferable 
to use the photoelectromagnetic (PEM) effect, 
rather than photoconductivity (PC). Consider the 
simple theory for a photoconductor of length X 
with applied field F. The photocurrent will be 


Ipc = FeuQr/X. (16) 


For the PEM effect the short circuit current is 
IpEm = OcLyB/X, (17) 
where L = (Dr)!/? is the diffusion length. 


Hence the ratio is: 
Ipem/Ipc = BL/Fr = (B/F)(D/r)/2. (18) 


This ratio thus increases as 7 falls, i.e. the PEM 
effect is favourable when lifetimes are very short. 
The cross-over occurs at Jppy = Ipc, i.e. when 


(19) 


Assuming we can use B = 1 Weber/m? (i.e. 
104 gauss) in the PEM case and fields of 100 V/m 
in the PC case, then the cross-over value of 7 is 
te ~ 10-8 for D appropriate to a mobility of 
40 cm?/V sec. 

Thus for time constants much less than 1 psec 
in materials of low resistance (which limit the 
usable electric fields) better signal/noise ratios 
should be obtainable from the PEM effect, parti- 
cularly as there are no current noise problems 
in PEM work, It is probably significant that the 
only results so far reported for a metal are PEM 
measurements on bismuth, “!4) 


te = B*D/F?. 





UNUSUAL PHOTOCONDUCTIVE EFFECTS 121 


SUPERCONDUCTORS 

Modern theories of superconductivity™>) show 
that in the superconducting state some of the upper 
energy levels in the conduction band become 
separated from the continuum by a small energy 
gap: 

Eg ~ 4kTs, 
where TJ's is the superconducting transition 
temperature. Hence for lead, where T's is fairly 
high, Eg = 2:7x 10-8 eV. 

It has recently been shown™®) that structures 
of superconductors separated by thin oxide block- 
ing layers showtunneling effects, analogous to semi- 
conductor Esaki diodes. The tunneling current at 
low applied voltages depends on the density of 
carriers excited thermally across the energy gap, 
and it has been suggested by BursTEIN et al.“7) 
that photoexcitation of carriers across the gap 
should therefore produce photocurrents under low 
bias conditions. By cooling the junction to a 
temperature well below Ts the thermal excitation 
rate will be kept low. 

The most important parameter will again be 
the lifetime of the carriers in the excited state. 


As a rough estimate, effects should be detectable 
if 7 > 10-11, while if + > 10-®sec the system 
may make a useful detector of far infra-red 
radiation—the response extending to ~ 500,y 
even for the high energy gap superconductors such 
as lead. 

For efficient operation, however, it will be 


necessary to reduce the reflection and increase the 
absorption of the superconductor. This should 
result from making the layers very thin,“”) i.e. 
< 100A. 
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DISCUSSION 


M. A. Lampert: In the case of extrinsic photocon- 
ductivity there can be a continuous gradation from the 
conventional effect to the ‘‘unusual’’ effect, depending 
on the impurity density. For a low density of ‘‘hydro- 
genic’’ impurity levels the ‘“‘conventional’’ effect is 
observed. For a high density an “unusual’’ effect will 
be observed, because of impurity band conduction via 
the hopping mechanism. Thus, it is not unfair, but only 
imprudent, to describe the ‘“‘conventional’’ extrinsic 
photoconductivity as the limiting case of an infinitely 
large ‘‘unusual’’ effect. 

T. S. Moss: A legitimate view, but I prefer to regard 
“‘carriers’’ in impurity bands as quasi-bound electrons. 

G. S. Picus: Dr. E. Lon of our Laboratory has 
attempted to measure the photoconductive effect 
expected from excitation of an electron from the 000 
minimum to the next higher conduction band in GaAs. 
SPITZER and WHELAN have attributed an i.r. absorption 


band at 2:5 yw to this transition. So far we have not found 
any evidence for this effect which should be a resistance 
increase because of the lower mobility in the higher 
band. 


T. S. Moss: These effects are certain to be very small 
and will probably only be observable in the most 
favorable circumstances. 


G. C. Dousmanis: We have been studying processes 
related to those discussed by Dr. Moss in that unusual 
photoconductive effects and bulk conductances are 
involved. 

(a) Steady-state cyclotron resonance with circular 
microwaves, under broad-band optical excitation, has 
shown that the small negative mass branch of heavy 
holes in Ge yields an emissive resonance comparable 
in magnitude to the absorptive third harmonic of heavy 
holes. This emissive distribution (or population in 





version along the m~ directions of k-space) is brought 
about in this inverted Landau structure by the optical 
excitation and collisions in the anisotropic band. The 
particle distribution must protrude along the (100) 


axes, to energies higher (~50°K) than Thattice 
(4-2°K). 

(b) A process has been theoretically considered, where 
in arrangements similar to (a), most of the photo-excited 


catriers would be thrown, for short time intervals, inside 
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the re-entrancy (m~ region), or other parts of k-space, 
by additional excitations whose rise time must be 
shorter than the scattering time. Recently the purity of 
materials and increasing speed of instruments have 
approached the requirements of this method. 

In (a) and (b) further basic information on photo- 
excited carriers could be obtained and for these processes 
improvements in material purity control seem parti- 
cularly significant. 
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FIELD INHOMOGENEITIES IN CdS SINGLE CRYSTALS 
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Abstract—The field and current distribution in CdS is described by a new electro-optical method. 
Well-known inhomogeneities, e.g. barrier layers and current channels, are confirmed. New effects, 
such as plasma-like inhomogeneities and kinetic effects in the breakdown region are discussed. 
The mechanism of the development of these effects is given. 


WHEN studying the conductivity of semiconductors 
it is important to know the distribution of the 
electric field. The distributions of field and current 
are influenced by the sample and electrode geo- 
metry as well as by barrier layers at the electrodes, 
by crystal imperfections, and by non-homo- 
genous distributions of impurities. Until now, 
field distributions have been measured by probe 
scanning, which is laborious and lengthy. -®) 
Fast changes in the field distribution can not 
be studied by this method; the time resolution 
being limited by the probe point resistance in 
series with the total capacity of the arrangement. 

A method of visualizing the field distribution 
has been developed“: 5) which makes use of the 
fact that electrons colliding with the top of the 
valence band in a high electric field may penetrate 
somewhat into the forbidden gap (Franz—Keldysh 
effect 6-8) resulting in the optical absorption edge, 
as a consequence, being shifted towards long wave- 








Without field 


Fic. 1. Band scheme with and without electric field. 
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lengths with rising field strength (Fig. 1). Consider 
a sample which is illuminated with monochromatic 
light in the absorption edge range. The absorp- 
tion will be increased with increased field strength 
(Fig. 2). If there is a non-homogeneous field distri- 
bution, the sample will appear to be non-uniformly 











A —> 
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Fic. 2. Shift of the optical absorption edge. 


darkened, the degree of darkness being a direct 
measure of the field strength. Changes of the field 
distribution in time can be immediately observed 
and can also be photographed. 

The experiments have been carried out with 
CdS single crystals. Gold electrodes, displaced 
with respect to each other, were evaporated on two 
opposite crystal faces. A series resistance was used 
to prevent breakdown (Fig. 3). 

If a high voltage is applied, the region below 
the cathode is darkened. One concludes that a high 
field-region lies below the cathode, which is also 
observable by probe scanning and is due to con- 
tact barrier layers.) This field has its maximum 
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value at the cathode and decreases with increasing 


distance from the cathode. 
With higher voltages applied, a type of field in- 
homogeneity not previously known has_ been 


found: the region of maximum field now sur- 
rounds the cathode as a ring, the position of 
maximum field and the cathode being clearly 
separated (Fig. 4). This distortion of the electric 
field is quite different from that due to a barrier 
layer. The field has its maximum value within the 
crystal, viz. on the side of the “ring”’ far from the 
cathode (Fig. 5). The field distribution obtained 
by this method has been confirmed by probe 
scanning. 

With the light on the field distortion is built up 
in about 1 sec after the voltage is applied. It decays 
in times of the same order after removing the 
voltage. The field distortion cannot be due to a 
local temperature rise, for it is found to be present 
10 min after light and voltage have been switched 
off (the dark region may be seen for a moment if 
the light is switched on again).“) The field dis- 
tortion is observed to build up and decay with 
a time constant which increases with decreasing 
light intensity, i.e. with decreasing photoconduc- 
tivity, 10) 

These field inhomogeneities are, in many 
respects, similar to the field distribution in a low 
pressure gas discharge, e.g. the cathode is 
“‘wrapped up” by the glow boundary in a gas dis- 
charge and by a dark ring in an insulator; the region 
of maximum field is separated from the cathode in 
a striated discharge as well as in an insulator. We 
shall refer to such field distortions in insulators as 
plasma-like field distortions. 11) 

Let us assume that the field in an insulator at 
one point x = x» happens to be so high as to pro- 
duce conduction electrons (Fig. 6). These electrons 
will drift to the anode giving rise to a high con- 
ductivity in the region x > x. Near xo a region 
of fixed positive space charge (ionized centres) is 
formed. Since the cathode does not supply enough 
electrons, the space charge region moves towards 
the cathode, and the field strength at the cathode 
rises. If the field strength becomes high enough so 
that, by field emission from the cathode, as many 
conduction electrons are supplied as are removed 
from the xo region, the space charge region ceases 
to move. 

The field distortion observed must arise from 
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Fic. 6. Potential and field distribution before (I) and 
after (II) plasma-like field inhomogeneity is formed. 


a double layer. The initiation of a field distortion 
may be understood by assuming that the concen- 
tration of conduction electrons is reduced by 
the electric field (“field quenching” of photocon- 
ductivity): holes are excited from activator levels 
into the valence band and recombine with electrons 
in traps or in the conduction band. Thus, the con- 
centration of positive and of negative charge 
carriers is decreased, both being at first equal 
everywhere in the crystal. If the field strength in 
any volume element happens to be higher than in 
its neighbourhood, a further (local) decrease of the 
concentrations appears. Now the profile of the 
(mobile) negative charge n(x) is displaced some- 
what against the profile of positive charge p(x) by 
the electric field, so that a double layer is formed 
(Fig. 7). Thus, the electric field strength rises more 
and more until it can produce conduction electrons. 
Then, the space charge region begins to move as 
has been described above, 1) 

The local high field leading to the initiation of 
the field distortion may also be produced by 
shadowing a zone of the crystal. Owing to the local 
decrease of conductivity a local rise of the field 
strength results (Fig. 8). This means that a field 
distortion may be “‘triggered”’ (as a gas discharge). 
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It is possible to produce several zones of space 
charge in a crystal (Fig. 9). 

“Naturally” generated, as well as “‘triggered”’, 
field distortions are found to oscillate and to move 
towards the anode, the “naturally” generated dis- 
tortions first having migrated toward the cathode 
(as described above).“ A more rapid movement 
is observed with increasing voltage. The current 
passing through the crystal is found to increase 
when the space charge region approaches the 
anode, the maximum current being reached when 
the region arrives at the anode. Then the space 
charge vanishes, a new space charge region is 
formed at the cathode, and a drop in current is 
found. This process is repeated periodically. In the 
current-voltage characteristic a plasma-like field 
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Fic. 10. Current—voltage characteristic; upper curve 
without, lower curve with, plasma-like field inhomo- 
geneity. 
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distortion is indicated by a drop of current (Fig. 
10). If the voltage is increased rapidly, the distor- 
tion appears at higher voltages than in the case of 
a slow increase, i.e. a time lag is observed, as in 
gas discharges. 

The space charge oscillations mentioned above 
are accompanied by current oscillations, i.e. by a 
low-frequency noise component. Both the noise 
and the space charge oscillations are found to in- 
crease at the same rate, with increasing voltage. The 
shape and behaviour of the space charge regions 
are appreciably affected by crystal imperfections. 

It follows from the presence of plasma-like 
space charge regions that, if a high voltage is 
applied to a crystal, an analysis of the field distri- 
bution is required for all meaningful discussions 
of field dependent phenomena. 
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Fic. 3. Electrical arrangement. 


Fic. 4. ‘‘Ring’”’ shaped region of high field strength at 
the cathode (right electrode). 





FIELD INHOMOGENEITIES IN.CdS SINGLE CRYSTALS 


5. Plasma-like field inhomogeneity before the 
cathode (left electrode). 


of a double layer by “‘field quenching”’. 


Fic. 7. “‘Iniation’ 
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Fic. 8. “Triggering” a plasma-like field inhomogeneity in a zone 
of increased field strength (increased by shadowing this zone). 


Fic. 9. Several (“‘triggered’’) zones of high field strength. 
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Abstract—A technique has been developed for measuring and studying high electric fields in CdS 
crystals. Fields are produced by a transparent blocking electrode in direct contact with a conducting 
crystal. D.C. field-effect experiments have been used to measure the magnitude of the electric field 


and its distribution within the crystal. 


Electro-optic effects occur in fields greater than 10° V/cm and dielectric breakdown occurs in 
fields greater than 10° V/cm. The main electro-optic effect is a shift of the optical band edge to 
longer wavelengths with increasing fields. Dielectric breakdown field strengths have been measured 
in a variety of crystals. The mechanism of dielectric breakdown has been studied by several kinds 
of experiments including measurement of pre-breakdown currents as a function of field and study 
of the behavior of optically injected carriers as breakdown proceeds. A comparison of results with 
theoretical treatments of dielectric breakdown indicates that the breakdown is due to tunneling. 


MEASUREMENTS of the properties of insulators in 
high electric fields have always been troubled by 
the difficulty of establishing a high field whose 
magnitude and distribution within the specimen 
are known with some confidence. In the present 
work a technique is evaluated for producing and 
measuring high fields in CdS single crystals. A 
description of the method is given along with the 
results of its application to the study of dielectric 
breakdown. 


DESCRIPTION OF METHOD 

For these experiments, the high field was pro- 
duced by means of a blocking contact on highly 
conducting CdS crystals, using an aqueous 
electrolyte solution as the blocking electrode." 2) 
The CdS crystals were n-type with 1016 to 1017 
carriers/cm?. When a negative bias is put on the 
blocking electrode, the field appears across a space 
charge region due to ionized donors within the 
crystal. The Mott-Schottky theory describes the 
distribution of field and potential within the space 
charge region.) In particular, the relation between 
the thickness, A, of the space charge region and the 
applied voltage, V2, is given by: 


\ 1/2 1/2 


= 36x 108 (-*), (1) 


/ Vo 


Rote 


where ¢ = static dielectric constant = 11-6 for 


CdS), 
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e = electronic charge, 
N = number of donors/cm, 
A = thickness of space charge region in cm. 
Equation (1) was tested quantitatively by means 
of field-effect current pinch experiments with con- 
ducting CdS crystals having small dimensions. 
These experiments are best described with refer- 
ence to Fig. 1. The crystals were vapor-grown 
specimens in the form of very thin ribbons several 
microns thick, about 1 cm long and 1 mm wide.* 
Their conductivity was due to halogen donors in- 
corporated during growth. Ohmic contacts were 
applied to the ends and the crystal was mounted so 
that the center section was surrounded by the 
electrolyte solution which served as the field 
electrode. This solution was contained by a 
Glyptal ring in such a way that it did not come 
into contact with the end electrodes. D.C. field- 
effect measurements were made, using a constant 
value of Vj, usually 1-5 V, with V; small compared 
to the field electrode voltage, V2. With the polari- 
ties shown in Fig. 1, increasing values of V2 give 
successively larger values of A within the crystal 
until finally the space charge region fills the entire 
crystal. Since there are no free carriers in the space 
charge region, the volume filled by the space 
charge region is not available for flow of the 
longitudinal current, 7;. Thus, changes in A are 


* The crystals were grown in this Laboratory by S. M. 
THOMSEN and C. BUSANOVICH. 
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Circuit and electrode arrangement for d.c. field- 
effect measurements. 
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accompanied by changes in 7; and these changes 
serve as a direct measure of A. Fig. 2 shows how 7 
changes with increasing V2 for a typical crystal. 


the measured carrier concentration, N. N was 
obtained for each crystal by measuring its re- 
sistivity and combining this with the reported 
value of 210 cm2/Vsec for the bulk electron 
mobility in CdS.) Crystal thickness was measured 
by viewing the thin edge under vertical illumina- 
tion through a microscope having a calibrated eye- 
piece. Thus a theoretical value of A is obtained for 
the pinch-off voltage according to equation (1). On 
the other hand, we recognize that the pinch-off 
occurs when the space charge region fills the entire 
crystal. Since it penetrates in toward the center of 
the crystal from the two opposite faces, this 
happens when A is equal to one-half the thickness 
of the crystal. Thus equation (1) gives a theoretical 
value of A at the pinch-off voltage and the experi- 
mental value of A for this voltage is half the crystal 
thickness. Comparing these two quantities shows 
how weil the equation describes the properties of 
the space charge region under these conditions. 
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Fic. 2. Field-effect pinch-off of current flow through a 
CdS crystal. 


The current, 72, through the blocking contact is 
small compared to 7; and is ordinarily no more than 
10-4 times the initial value of 7}. The observed 
current pinch-off is reproducible, reversible and 
insensitive to the ionic compound in the electrolyte 
solution. (Ordinarily 0-1 M KCI was used). 

To test equation (1), a number of crystals were 
chosen which were thin enough to show complete 
pinch-off of current flow by the field electrode as 
in Fig. 2. The value of V2 at which complete pinch- 


off occurred was put into equation (1) along with 


Since the equation also describes the field and 
potential within the space charge region the same 
comparison also indicates the extent to which these 
are described by theory. Table 1 compares theor- 
etical and experimental values of A for a number of 
crystals. There is overall agreement to within about 
10 per cent. Errors of this magnitude may be intro- 
duced by uncertainty in the dielectric constant or 
in the mobility value used. Understanding the 
exact dependence of 7; on V2 for voltages below the 
pinch-off voltage requires detailed consideration 
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Table 1. Experimental test of equation (1) using field-effect current pinch data from nine 
different crystals. All measurements made at 25°C 


Measured 
crystal 
resistivity 
(Q-cm) 


Voltage for 
complete pinch- 
off of current 


A calc. 
Calculated 
from equation (1) 
(H) 


A exp. 
Half measured 
crystal 
thickness 


(#) 


Fractional 
difference 
Aexp. — eae, 


Aexp. 





No 


WN DN RK RK 


+0:09 


SOON 


FNMONMNN ND ND Ke 
ORR 


Aexp. — Neale. 


Average value of 


of the specimen geometry and when this is done 
the results are again in good agreement with 
theory, assuming a uniform volume distribution 
of donors. This analysis, along with further experi- 
mental details, is given elsewhere.) It is concluded 
that the simple Mott-Schottky model, leading to 
equation (1), gives a quantitative description of A 
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Fic. 3. Electric field and potential as a function of 
position within the crystal according to the Mott-— 
Schottky model. 


SURFACE 


= +0:09. 
Aexp. 


for various voltages and therefore a quantitative de- 
scription of the field. According to the model, the 
field is not uniform but is a linear function of dis- 
tance within the space charge region, rising from 
zero at the inner edge to a maximum value at the 
surface of the crystal. This is illustrated in Fig. 3. 

Deep electron traps, which are always present 
in CdS, can behave like donors in the field effect 
measurement and contribute space charge. Traps, 
in sufficient concentration, would destroy the 
agreement obtained above since the deep traps 
are not ordinarily ionized and contribute no free 
carriers for the resistivity measurement. Using the 
above method on less highly doped crystals, about 
1015 deep traps per cm® or less were found in 
typical crystals. This is not sufficient to affect the 
present technique for crystals having free carrier 
concentration above 1016/cm? such as were used 
above. It was observed that for crystals with much 
lower free carrier concentrations, about 10!4/cm?, 
the field effect zs dominated by deep traps. In this 
case the above method of obtaining field strength 
from data on free carrier concentration is no longer 
valid. 


DIELECTRIC BREAKDOWN STRENGTH 
The above method was used to determine the 
field strength at which dielectric breakdown occurs 





132 R. 


Ih 


in CdS crystals. The crystals used were thick 
enough that dielectric breakdown occurred before 
the space charge region was thick enough to fill 
the crystal. As above, the blocking electrode sur- 
rounded a section of the crystal with the result that 
the high field was directed inward at all points on 
the surface. Only one ohmic contact was used and 
breakdown was detected by measuring current 
through the blocking electrode as a function of 
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Fic. 4. Pre-breakdown current vs. reciprocal field for a 
CdS crystal. The maximum field at the surface is used 
here. 


applied voltage. Very small currents flow till just 
below the breakdown voltage where the current 
begins to rise rapidly with voltage. A typical pre- 
breakdown current is shown in Fig. 4. It is the 
maximum field at the surface which is shown here 
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and which is used to specify breakdown field 
strengths. Breakdown is arbitrarily defined in this 
discussion as the field at which the current is equal 
to 1 wA. Breakdown field strengths were measured 
for many different crystals of CdS and range from 
about 1 to 2:5 x 106 V/cm as shown in Fig. 5. 

It was thought that the breakdown might be due 
to impact ionization and extensive experiments 
were carried out in an effort to observe multiplica- 
tion of light-injected carriers as found in silicon 
and germanium.) Details will be reported else- 
where, ‘?) but the result was that no evidence could 
be obtained to show that injected carriers are 
multiplied during the breakdown process. This 
result, along with other experiments done during 
this study, leads to the conclusion that the break- 
down, under these conditions, is due to internal 
field emission from valence band to conduction 
band. The following evidence for this conclusion 
was obtained. 

(1). No multiplication of light-injected carriers 

takes place during breakdown. 

. Absolute magnitudes of the breakdown 
field strengths are in approximate agree- 
ment with theoretical estimates based on 
the internal field emission mechanism. ? 
Pre-breakdown currents follow the expo- 
nential dependence on field predicted by 
the internal field emission theory and the 
slope of the appropriate line is in approxi- 
mate agreement with theory.“ 

For fields somewhat below those necessary 
to give internal field emission there should 
be a shift of the optical absorption edge. 
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Fic. 5. Breakdown field strengths for several different 
crystals having different carrier concentrations. 
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Both effects may be analyzed with very 
similar theory.) Fig. 6 shows an example 
of the shift of the absorption edge as a 
function of field up to the breakdown field. 
Shift of the band edge (Franz effect) and 
internal field emission are closely related 
phenomena and the occurrence of the shift 
indicates that the fields present are not 
far below those required for internal field 
emission. 

The trend of breakdown field strength with 
carrier concentration shown in Fig. 5 appears to be 
due to the fact that thicker, high field regions are 
present at lower carrier concentrations and tunnel- 
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Fic. 6. Shift of the optical band edge of a CdS crystal 
plotted against the square of the maximum applied field. 


ing occurs in a greater volume of the crystal. Since 
breakdown is here specified by the field required 
to produce a fixed value of current, this leads to 
lower apparent breakdown strengths in crystals 
with lower carrier concentrations. 


CONCLUSIONS 


Field effect measurements show that high 
electric fields of known magnitude may be pro- 
duced by using conducting CdS crystals and 
electrolyte blocking contacts. The method is 
suited to the study of various high field effects and 
especially to optical effects. Dielectric breakdown 
field strengths have been measured in several 
crystals and range from 1 x 106 to 2-5 x 106 V/cm. 
From a variety of evidence it appears that break- 
down occurs by internal field emission. 
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ZUR SATTIGUNG VON PHOTOSTROMEN IN STARKEN 
ELEKTRISCHEN FELDERN 


F. STOCKMANN 


Institut fiir angewandte Physik der Technischen Hochschule, Karlsruhe, Deutschland 


Zusammenfassung — Durch Verallgemeinerung friiherer Uberlegungen wird gezeigt, dass sich im 
Grenzfall schwacher Anregung alle Photoleiter in vier Gruppen einteilen lassen, deren Sittigungs- 
stréme in starken elektrischen Feldern sich charakteristisch unterscheiden. Dadurch kann u.a. 
erklart werden, warum bei verschiedenartigen Anwendungen von Photoleitern die maximale 
Ausbeute von Photostrémen ganz verschieden und geradezu typisch fiir die betreffende Awendung 
ist. Diese Einteilung der Photoleiter ist gleichwertig mit einer Einteilung aller Halbleiter in vier 
verschiedene Gruppen im Hinblick auf die Injektion von Ladungstrigern. Zu jeder Gruppe 
werden die Bedingungen dafiir und allgemeine Ausdriicke fiir die zur Sattigung erforderliche Feld- 
starke und fiir die Grésse der Sattigungsstréme angegeben, die in jedem Einzelfalle leicht ausge- 
wertet werden kénnen, und zwar sowohl bei stationaéren als auch bei nicht stationaren Photo- 
stromen. Bei Wechselanregung hiangt z.B. die Sattigung der Photostréme von der Anregungs- 
frequenz ab. 


Abstract—By generalization of earlier work it is demonstrated that in the limiting case of 
weak excitation all photoconductors may be divided into four groups, whose saturation currents 
have characteristic differences for strong electric fields. It can be explained, for instance, why for 
various applications of photoconductors the maximum yield of photocurrents is different and 
characteristic of the particular application. This grouping of the photoconductors is equivalent to 
the division of all semiconductors into four different categories with respect to charge carrier in- 
jection. For each group, the conditions and general expressions for the fields required for saturation 
and the magnitude of saturation currents are given. They can be evaluated easily in each case for 
steady as well as time dependent photocurrents. For the case of sinusoidal excitation, for example, 
the saturation of the photocurrents depends on the frequency. 


Bedeutung einer Zeit charakterisieren. Zwei davon 
Photoleiter selbst, namlich 
Relaxationszeit tR = ee/o 


€o = 8,89-10-14 


1. FRUHERE ERGEBNISSE UND FRAGESTEL- 
LUNG 


IN DER Photoconductivity-Konferenz in Atlantic 


kennzeichnen den 
seine dielektrische 


City wurde zum ersten Male gezeigt,"!) dass es 
vier Gruppen von Photoleitern gibt, die sich durch 
das Verhalten der Photostréme bei hohen Feld- 
stirken, namlich durch die Grésse der Sattigungs- 
stréme und die zur Sattigung erforderlichen Feld- 
stirken charakteristisch unterscheiden. Der 
Beweis dafiir folgt direkt aus den Kontinuitits- 
gleichungen fiir freie Elektronen und freie Defekt- 
elektronen zusammen mit der Poisson—Gleichung. 
Die Integrale dieses Gleichungssystems enthalten 
genau vier Grenzfalle, und diese entsprechen den 
vier Gruppen. 

Die vier Gruppen lassen sich am einfachsten 
durch Bedingungen zwischen vier Gréssen mit der 
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5 


(e = Dielektrizitatskonstante, 
Asec/V cm, o elektrische Leitfahigkeit) und 
die Lebensdauer + der durch die optische Anre- 
gung erzeugten freien Ladungstrager. Die beiden 
anderen Zeiten sind die Laufzeiten Taj, und 
Tmin. der Majoritats- und der freien Minoritits- 
trager durch den Photoleiter von der einen zur 
anderen Elektrode. Sie hangen ausser von der 
Beweglichkeit u der betreffenden Tragersorte auch 
von speziellen Versuchsbedingungen ab, namlich 
vom Elektrodenabstand Z und der angelegten 
Spannung U. So ist z.B. bei homogenem Potential- 
verlauf 


an ' . - 
T maj. = DL maj. * E = [2 --maj. * l 
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(E = U/L = elektrische Feldstirke). Die Bedin- 
gungen fiir die Gruppeneinteilung sind nun ein- 
fach Gréssenordnungsbeziehungen zwischen die- 
sen vier Zeiten, wobei 7Tmaj, mit tp und Tyin. 
mit 7 in Bezichung gesetzt wird. Eine Unterschei- 
dung zwischen Majoritats- und Minoritatstragern 
ist nur bei Stérleitern sinnvoll (pp > mo oder 
No > po); bei Eigenleitern (po ~ mo)* gilt darum 
eine andere Beziehung, die in den 2x2 Zeiten 
symmetrisch ist. Diese Gruppen und ihre wich- 
tigsten Kennzeichen sind in der Tabelle 1 zusam- 
mengestellt. 

Wegen mathematischer Schwierigkeiten konn- 
ten die Rechnungen nur unter einschrankenden 
Voraussetzungen durchgesetzt werden, namlich 
nur fiir Photoleiter ohne jegliche Stdrstellen. 
Ferner wurden nur stationare Photostréme dis- 
kutiert, und zwar nur im Grenzfall schwacher 
Bestrahlung. In der Untersuchung, iiber die hier 
berichtet wird, konnten diese Einschrankungen 
beseitigt werden — bis auf die letzte, die weiterhin 
erforderlich ist, um das Gleichungssystem lineari- 
sieren zu kénnen. Es ergibt sich, dass die Grup- 
peneinteilung mit ihren wesentlichen Kenn- 
zeichen auch fiir Photoleiter mit Stérstellen und 
fiir nichtstationare Photostréme gilt. Die Bedin- 
gungen und Merkmale erhalt man aus denen in 
Tabelle 1 durch einfache, physikalisch unmittelbar 
anschauliche Substitutionen. 


2. ZUSAMMENHANG ZWISCHEN DER SATTI- 
GUNG VON PHOTOSTROMEN UND DER IN- 
JEKTION VON LADUNGSTRAGERN 

Zuvor sei jedoch noch auf eine andere Konse- 
quenz der friiheren Uberlegungen hingewiesen, 
die mit den entsprechenden Substitutionen eben- 
falls bei den im folgenden diskutierten allgemeinen 
Bedingungen giiltig bleiben. Photostréme werden 
dann gesiattigt, wenn die durch eine Bestrahlung 
erzeugte inhomogene Konzentrationsverteilung 
von Ladungstragern durch das angelegte elek- 
trische Feld aus dem Photoleiter herausgezogen 
werden kann. Bei der gleichen Feldstarke wird 
aber auch jede andere ungleichmiassige Ladungs- 
verteilung iiber den ganzen Leiter hinweg ‘‘ver- 
weht’’, gleichgiiltig, welche Prozesse die Ursache 
fiir solche inhomogenen Verteilungen sind. Das ist 
Gleichgewichtskonzentrationen der Defek- 
und der Elektronen im_ unbelichteten 


° Po, No = 
telektronen 
Photoleiter. 
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eine direkte Folge aus den Kontinuitatsgleichun- 
gen, denn sie unterscheiden ja nicht zwischen den 
Mechanismen, durch die eine gegebene Triger- 
konzentration erzeugt wird. Das gilt auch fiir eine 
inhomogene Konzentrationsverteilung an Kontak- 
ten, z.B. fiir die Gebiete erhéhter Tragerkonzen- 
tration vor nachliefernden, sog. ‘‘Ohm’schen’’ 
Kontakten, die die betreffenden ‘Tragersorten 
injizieren kénnen. Folglich sind die Bedingungen 
fiir die Sattigung von Photostrémen identisch 
mit denen fiir eine Injektion von Ladungstragern, 
bei der die injizierten Trager ohne nennens- 
werte Verluste durch Rekombination oder 
Raumladungsausgleich bis zur Gegenelektrode 
gelangen. Die Einteilung der Photoleiter in 
vier Gruppen ist also Aquivalent mit einer 
Einteilung aller Halbleiter in vier Gruppen im 
Hinblick auf die Injektion von Ladungstragern 
(und natiirlich auch im Hinblick auf eine Extrak- 
tion bei sperrenden Kontakten fiir die betreffende 
Tragerart). Die Bedingungen dafiir sind in beiden 
Fallen dieselben, darum ist bereits in Tabelle 1 
angegeben worden, welche Trigersorten bei der 
betreffenden Bedingung injiziert werden kénnen. 
Dem Verstirkungsfaktor der Photostréme ent- 
spricht in diesem Falle (allerdings mit gewissen 
Einschrankungen) die maximale Stromverstir- 
kung, die durcheine Tragerinjektionerreicht werden 
kann. Dieser allgemeine Zusammenhang zwischen 
der Sattigung von Photostrémen und der Injektion 
von Ladungstragern diirfte die Erklarung fiir die 
schon alte und immer wieder bestatigte Erfahrung 
sein, dass eine Sattigung von Photostrémen bei 
derselben Feldstarke einsetzt, bei der unter sonst 
gleichen Versuchsbedingungen die Dunkelstrom- 
kennlinie vom Ohm’schen Gesetz abzuweichen 
beginnt — nur mit ‘“‘neutralen” Kontakten erhilt 
man auch bei hohen Feldstarken einen Ohm’schen 
Dunkelstrom. 

Die maximale Ausbeute bei der Anwendung von 
Photoleitern hangt bekanntlich ganz auffillig 
davon ab, fiir welchen Zweck man den Photoleiter 
benutzt. Die Gruppeneinteilung erklart auch diese 
scheinbar widersinnige Tatsache. Ein Photoleiter, 
der fiir eine bestimmte Anwendung optimal 
geeignet ist, muss recht einschrankende Forder- 
ungen erfiillen. Dadurch wird im allgemeinen, 
meistens zwar nur indirekt, eine einzige der vier 
Gruppen in Tabelle 1 ausgezeichnet, deren 
Bedingungen der Photoleiter fiir diesen speziellen 
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Verstarkungsfaktor 
tS = Gain* 


Bedingungen fiir 
Sattigungsstroéme 


Tabelle 1. Zur Gruppeneinteilung der Photoleiter 


Injektion von Beispiele 


Ladungstragern 





Stérleiter 
Tmaj. > TR 


-” a 
Tmin. ~~ e 


keine 
Sattigung 


keine 
Injektion 





maj. t/min. 
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Minoritatstrager Ge u.a. 
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nur Se (?) 
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Eigenleiter 
Tp'Tn © TR: | w /(7/TR) 


beide Isolatorent 


Tragersorten 





beide 


Tragersorten 


* f = gesattigter Photostrom Jsitt/Primarstrom = Jsatt/$ GeL. 
+ Sowie alle Photoleiter bei grosser Feldstarke und kleinem L. 


Zweck geniigen muss. Damit ist auch die maximale 
Ausbeute bestimmt. 


3. STATIONARE SATTIGUNGSSTROME IN 
EINEM PHOTOLEITER MIT STORSTELLEN 

Die friiher nur fiir einen idealisierten Photo- 
leiter ohne Stérstellen durchgefiihrten Rechnungen 

Leitungsband 

br rae a 


ALL 





Y 





Valenzband 


Ass. 1. Energieschema des Modells, das in der vor- 
liegenden Arbeit diskutiert wird. In der Rechnung sind 
nur die eingezeichneten Elektroneniibergainge beriick- 
sichtigt worden. Die speziellen Angaben tiber die 
Ladung der Stérstellen (mit bzw. ohne Elektron) sind 
fiir alle Ergebnisse unwesentlich ; man kann die Gleich- 
ungen aber iibersichtlicher schreiben, wenn man sich 
auf einen bestimmten Fall festlegt. 


wurden jetzt fiir einen Photoleiter wiederhoit, der 
die drei fiir jeden Photoleiter charakteristischen 
Gruppen von Stérstellen enthalt : Donatoren D, 
Akzeptoren A und Rekombinationszentren R. 
Das Energieschema solch eines Photoleiters und 
die in der Rechnung beriicksichtigten Elek- 
troneniiberginge sind in Abb. 1 dargestellt. Fir 
dieses Modell erhalt man in bekannter Weise das 
Gleichungssystem : 

div ip = div (eup pE—eDy grad p) (1) 


/ op 
= e( rete A G—rppR* + ypR —rapA +74") 
| 


div 7, = div(eunnE+ eDy grad n) 2 


/ On 
= —e| ——+G—r,nR* + y,R* —rpnD* + ypD* 
ct 


oD 
— = —y7pnD* +ypD* (3) 
Ct 


oA- 
aa saad all 
ct 
oR* 
—— = —1,nR* + ynR* +1rppR* —ypR* 
ot 
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e 
div E = —| (p—pp)+(D*—D*)+(R*R*) 
€€o 

— (n—n,)—(A-—A,)}. (6) 
Die Symbole der Stérstellen bedeuten hier die 
betreffende Konzentration, der Index 0 bezeichnet die 
Gleichgewichtskonzentrationen, ein Stern* bezeichnet 
den neutralen Ladungszustand. G ist die Erzeugungs- 
rate freier Trager infolge der Bestrahlung, die Gréssen 
r und y sind die Rekombinationskoeffizienten und die 
Koeffizienten fiir die gegenlaufigen Prozesse, die ther- 
mische Wiederabspaltung. Alle iibrigen Symbole haben 
die iibliche Bedeutung. 


Aus dem System Gleichung (1) bis Gleichung 
(6) erhalt man das friiher diskutierte, indem man 
alle Stérstellenkonzentrationen gegen Null gehen 
lasst und, damit trotzdem eine Rekombination 
méglich ist, in Gleichung (1) und Gleichung (2) 
einen Term r (pn—pfono) fiir eine direkte Rekom- 
bination neu einfiihrt. 

Es erscheint vollig aussichtslos, die Lésungen 


dieses Systems in voller Allgemeinheit zu erhalten 


und zu diskutieren. Darum wurde als wesentliche 
Voraussetzung beibehalten, dass die Anregung G 
schwach ist,* dann kann das System linearisiert 
und vollstandig integriert werden. Diese Voraus- 
setzung ist zweifellos immer noch recht einschnei- 
dend, denn bei vielen wichtigen Photoleitern sind 
die Photostréme tatsachlich gegen die 
Dunkelstréme. Andererseits kann man aber nur 
so wirklich alle Méglichkeiten untersuchen, 
wenigstens fiir einen Grenzfall, der bei jedem 


gross 


Photoleiter realisiert werden kann, namlich G -> 0. 
Die weiteren Voraussetzungen Rechnung 
haben auf die wesentlichen Merkmale der Grup- 
peneinteilungen keinen Einfluss: eindimensionaler 
Fall, d.h. eine Ortsabhangigkeit nur in der x- 
Richtung; homogene Anregung und Dotierung, 
d.h. G und alle Gleichgewichtskonzentrationen 
sind unabhangig von x ; Giiltigkeit der Einstein- 
schen Beziehung D = pkT/e mit 
keiten yu, die nicht von der Feldstirke abhangen. 
Unter den genannten Voraussetzungen kann 


ét = 0) 


der 


man fiir den stationaren Fall (alle ¢ 

* Diese Bedingung verlangt nicht, dass sich z.B. die 
Konzentration der Minoritatstrager nur um einen 
Betrag Aindern darf, der klein gegen ihre Gleichge- 
wichtskonzentration ist. Dann hiatten alle Folgerungen 
begrenzten Wert. Tatsachlich muss 


nur einen sehr 


gefordert werden 


Ap = p—po < potmo und An = n—no: 


Pot No. 


Beweglich- - 


STOCKMANN 


die von x abhingigen Stdérstellenkonzentrationen 
mit Hilfe der Gleichungen (3), (4) und (5) leicht 
aus dem linearisierten Gleichungssystem elimi- 
nieren. Die iibrigen 3 Gleichungen, namlich die 
Kontinuitatsgleichungen (1) und (2) sowie die 
Poisson-Gleichung (6) erhalten dann eine Form, 
die durch die einfachen Substitutionen von Tabelle 
2 aus dem friiher diskutierten System hervorgeht. 
Infolgedessen gelten mit diesen Substitutionen 
auch alle friiheren Ergebnisse, insbesondere bleibt 
die Gruppeneinteilung der Halb- und Photoleiter 
mit all ihren wesentlichen Merkmalen unverandert 
giltig. Die Bedingungen fiir die Sattigung der 
Photostréme und die Verstairkungsfaktoren erhalt 
man ohne weitere Rechnung, wenn man auch in 
Tabelle 1 die Substitutionen nach Tabelle 2 
ausfiihrt. 

Die drei Faktoren a, 6 und po, die bei den Sub- 
stitutionen benétigt werden, haben eine einfache 
physikalische Bedeutung. Wenn Ap die Konzen- 
trationsinderung der freien Defektelektronen in- 
folge der Anregung bedeutet und Ap; die Konzen- 
trationsanderung der in Akzeptoren und Rekom- 
binationszentren gebundenen Defektelektronen, 
dann ist a = (Ap+Ap;)/Ap, a ist also die gesamte 
Konzentrationsinderung im _ Verhaltnis zur 
Anderung der Konzentration der freien Trager, b 
bedeutet das entsprechende Verhiltnis fiir Elek- 
tronen, und pp ist ein effektiver Rekombinations- 
koeffizient, der an die Stelle des Koeffizienten r 
fiir die direkte Rekombination tritt, wenn die 
Rekombination tatsachlich iiber Rekombinations- 
zentren verlauft (bis auf die Schreibweise ist po 
identisch mit dem entsprechenden Koeffizienten 
beim Rekombinationsmodell von Shockley— 
Read, denn in Abb. 1 ist ja derselbe Rekombina- 
tionsmechanismus angenommen worden). 

Da durch die Substitutionen f, « a statt po, usw. 
die Konzentrationen der freien Trager durch die 
gesamten Konzentrationen (d.h. freie und gebun- 
dene) ersetzt werden, sind die Substitutionen fiir 
die Beweglichkeiten », die Diffusionskonstanten 
D, die Laufzeiten T und die Relaxationszeit 7p 
unmittelbar plausibel. Die Lebensdauer 7 geht in 
einen komplizierteren Ausdruck 79 iiber, der aber 
auch jetzt noch die Bedeutung einer Lebenszeit- 
dauer hat. Es ist nimlich Ap: a = An+b = G. 7 
(falls alle <¢ éx = sind). Ferner ist 7», 
wie friiher die Zeit +, wieder die Zeitkonstante 
zeitlich veradnderlichen 


der Photostréme bei 
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Tabelle 2. Substitutionen, die die Werte von Tabelle 1 auf das Modell in Abb. \ iibertragen 


Statt No 
ist zu setzen . Nob 


Ap An 
Ap-a An+b 





Statt 
ist zu setzen 


= 1/r(po+no) 
= a+b/po(pora+mno-b) 


Po R* 
= 1+a1+a2 





pol A " + A 5) 


pp 
4) 0 


rn(R* +R*) 


Po R* 
— = 1+h1+be2 





1+ cc + 
nD, +D, ) 


rp(R* +R-) 


(rptnR*R*) 





Po = 


Vorgingen, allerdings jetzt nur noch, wenn sie 
quasistationar verlaufen. 


4. ZEITLICH VERANDERLICHE PHOTOSTROME 
Bei einer zeitlich veranderlichen Anregungs- 
funktion G = G(t) in Gleichung (1) ist es 
zweckmissig, G(t) in seine Fourierkomponenten 
zu zerlegen : 
+00 


[ G,, eiut dw, 


—-oO 


das Gleichungssystem fiir jede Kompenente G_,, zu 
integrieren und die einzelnen Teillésungen zu 
addieren. Fiir ein lineares Gleichungssystem ist 
das bekanntlich ein véllig legales Verfahren, und 
es vermittelt den besten Uberblick iiber die 
gesamte Lésungsmannigfaltigkeit. 

Durch den Lésungsansatz 

Ap ,(x,t) = Ap,(x) - eft 

[und entsprechend fiir alle anderen orts- und 
zeitabhingigen Grdéssen in Gleichung (1) bis 
Gleichung (6)] werden alle @... /@t ersetzt durch 
iw *..., und dadurch wird die Zeitabhaingigkeit 
vorlaufig ganz eliminiert. Das Gleichungssystem 
kann danach also genau so diskutiert werden wie 
das friihere zeitunabhangige System. 

Fiir einen Photoleiter ohne Stérstellen ist das 
Ergebnis recht einfach. Die Differentialgleichung 


* ° 
(rppoR, +rntoR*) 


fiir Ap,, bzw. Am, die durch Eliminieren von 
AE, und An,, (bzw. Ap,,) aus Gleichungen (1), 
(2) und (6) folgt, unterscheidet sich von der 
friiheren fiir Ap bzw. An wieder nur durch ein- 
fache Substitutionen*: 


t geht iiber in 7/(1+7zw7) und rp geht iiber 
in TR (1 +iwt R) 


Mit diesen Substitutionen bleiben folglich auch 
alle Konsequenzen richtig, insbesondere also die 
Gruppeneinteilung und ihre Merkmale in Tabelle 
1. Es sei jedoch darauf hingewiesen, dass infolge 
dieser Substitutionen sowohl die Bedingungen 
fiir die Sattigung der Photostréme als auch die 
Grosse der Sattigungsstr6me von der Frequenz w 
der Wechselanregung abhangen. Vorlaufige ex- 
perimentelle Ergebnisse scheinen diese Vorhersage 
zu bestatigen. 

7 und rR erweisen sich durch diese Substi- 
tutionen als Relaxationszeiten, darum wird auch 
der zeitliche Verlauf der Photostréme allein durch 
7 und 7p bestimmt. 

Fiir einen Photoleiter mit Stérstellen nach 
Abb. 1 ergibt sich, dass man die vorhergehenden 
Ergebnisse miteinander kombinieren muss. 
Einerseits miissen in Tabelle 1 + und rR durch 
die obigen Relaxationsterme ersetzt werden, 


* Abgesehen von zwei Termen, die bei praktisch allen 
Photoleitern immer vernachlassigt werden diirfen. 
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andererseits miissen auch die Substitutionen nach 
Tabelle 2 ausgefiihrt werden, jedoch mit frequenz- 
abhangigen Faktoren a,,, b,, und p,, : 

ay 


1 + 


1 + 1wTa 


by 
14 
] + 1lWTp ] + LWT 
p Po (1 + wr, ) 


mit den Kiirzungen aj, do, by, b2 und po wie in 


Tabelle 2, sowie 
4° 


~ reps + As) 


Ta , 


YnNol D* 
Po 
Yp¥n(R* +R*) 
Man kann so auch diesen allgemeinen Fall auf den 
friiher behandelten Spezialfall zuriickfiihren. 


STOCKMANN 


Im einzelnen sind diese Umformungen allerdings zum 
Teil recht uniibersichtlich. Z.B. fiihrt die Substitution 
von 7 durch Ty/(1+iwtr.) mit Tw awdu/ pu 
(Po * da tno * bw) nach Tabelle 2 und aw, bw und pw aus 
Gleichung (7) nach den itiblichen Umformungen auf 
eine Summe von 5 Relaxationstermen  74/(1 +77). 
Die Zeiten 7; bestimmen auch den zeitlichen 
Ablauf der elektronischen Prozesse im Photoleiter und 
der Photostréme. Sie hangen in komplizierter Weise von 
den Konzentrationen aller Stérstellen im Photoleiter ab, 
man kann sie als Eigenwerte der Koeffizientenmatrix 
des Systems Gleichungen (1)-(6) berechnen. Mit den 
anderen bisher erwahnten Gréssen von der Art einer 
Zeit stimmen sie nur in Sonderfillen iiberein. Diese 
Fragen sind jedoch fiir die Sattigung der Photostréme, 
die das Hauptthema der vorliegenden Arbeit bildet, nur 
von sekundiarer Bedeutung und sollen darum hier nicht 
weiter diskutiert werden. Wegen genauerer Einzel- 
heiten hierzu und auch zu den iibrigen Fragen der 
vorliegenden Arbeit wird auf eine ausfiihrlichere 
Ver6ffentlichung verwiesen, die in physica status solidi 
erscheinen wird. 


also 
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THE RECOMBINATION OF HOT CARRIERS IN 


GERMANIUM 


EXPERIMENTAL* 


J. ZUCKER} and E. M. CONWELL 


General Telephone and Electronics Laboratories, Inc., Bayside, N.Y. 


Abstract—The recombination of excess hot carriers in germanium has been investigated by measur- 
ing the change in photoconductivity caused by exciting samples with 2:85 kMc microwaves up to 
peak fields of 104 V/cm. Microwave rather than d.c. pulse excitation was used, and other precautions 
taken, to avoid sweep-out of excess carriers. Samples whose lifetimes were determined by surface 
recombination and by recombination at copper impurities in the bulk were investigated in this 
manner. In all these samples a decreased photoconductivity was observed immediately following 
the microwave pulse, indicating enhanced recombination in the high field. Comparison of the 
experimental results with theory indicates that the cross section for electron capture of singly 
charged copper centers decreases with increasing speed of the carriers. 


INTRODUCTION 

THE application of pulses of high electric field to a 
germanium sample, as is done in the usual hot 
carrier experiment," increases the average energy 
of the carriers during the pulse while affecting the 
lattice temperature very little. This provides a 
means for measuring the dependence of recom- 
bination rate of excess carriers on carrier energy, 
separating it from other dependences that change 
with temperature. '?) To use this means effectively, 
changes in carrier concentration with field other 
than those due to changed energy of the carriers 
must be eliminated. One such effect is sweepout 
of excess carriers at the contacts.) To avoid this, 
high-intensity microwave pulses were used for 
excitation rather than d.c. pulses. The frequency 
used, 2:85 kMc, was sufficiently low so that the 
velocity distribution of the carriers could follow 
the field. ‘4 


EXPERIMENTAL PROCEDURE 


To determine the effect on recombination of 


changing the carrier energy in a given sample, the 
procedure used was to set upa steady photocurrent 


* This work was partly supported by the U.S. Signal 
Corps. 

+ A portion of this paper is based on the thesis work 
submitted to the Department of Physics of New York 
University in partial fulfilment of the requirements for 


the Ph.D. degree. 
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in the sample, and then measure the change in this 
current caused by applying a high-intensity micro- 
wave pulse. The experimental setup used is shown 
in Fig. 1. The sample was a 5 mm diameter single 
crystal cylinder with a wire 2:5 mm long and 0-25 
mm in diameter ground at one end. The wire was 
inserted into a wave-guide sample holder, as shown 
in the figure, where it could be subjected to peak 
fields as high as 12,000 V/cm. Because the dimen- 
sions of the wire are so small that the contribution 
of its current to the field can be neglected, the 
field in the wire can be determined simply from 
a knowledge of the power density of the travelling 
waves at the location of the wire.) To obtain this, 
the average power transmitted down the wave 
guide is measured by means of a bridge in con- 
junction with a coaxial detector.) (See Fig. 2.) 
In most of the work, the photocurrent was pro- 
duced by a small tungsten filament lamp, or by 
light shone down a quartz light pipe inserted into 
the sample holder as shown in Fig. 1. More uniform 
illumination, obtained by having a second light 
source on the other side of the sample, was used for 
some of the measurements, but this did not make 
much of a difference in the results. ‘To measure 
photoconductivity a small variable d.c. sweep field 
was supplied by a 1-5 V battery across a 1000 Q 
carbon potentiometer. Oscillograms of the photo- 
current through the sample were obtained by 
monitoring the voltage across a small resistor in 
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‘1G. 1. Experimental setups for investigating recombination of hot carriers. 


series with the sample. The block diagram of the 
apparatus is shown in Fig. 2, and discussed in 
more detail in reference 4. 

The experimental procedure is best described 


with the aid of Fig. 3, which shows schematically 


At the 


the sequence of changes in conductivity. 





lo CM 
MAGNETRON |, 

2u3| | 

[AND PULSER pesne 





NTAPER | SAMPLE 
i 





Fic. 2. 


beginning of the time scale, the sample is un- 
illuminated and conductivity has its thermal 
equilibrium value op. Upon illumination, the 
conductivity increases at a rate depending on zz, 
the zero-field lifetime. After the photoconductivity 
has reached a steady value o4,+40;, the micro- 
wave field is applied for a time A, three psec in 


TRIGGER FROM 
| PULSE GENERATOR 


these experiments. This causes the conductivity 
to drop sharply because of the decrease in carrier 
mobility.” If the recombination is energy-de- 
pendent, there will be a further and gradual change 
in o during the course of the microwave pulse due 
to the change in carrier concentration. After the 
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Block diagram of apparatus. 


microwave field is removed, the energy distribu- 
tion and mobilities return to their thermal equi- 
librium values in a very short time, estimated as 
less than 10-! sec, and the conductivity re- 
turns exponentially to the value oj,+60, with 
time constant 7;,, which is several microseconds or 


more. Thus the difference between the conduc- 
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Fic. 3. Schematic representation of the changes in 
conductivity. 


tivity o, measured directly, i.e. within 4 


second, after the removal of the microwave pulse 
and on,+oz reflects the change in carrier con- 
centration produced by the microwave field. Since 
this change clearly depends on the magnitude of 
the initial photoconductivity, it has been found 
convenient in practice to represent the effect of 


the field by the ratio 


micro- 


[o4—(on,+80z)|/doz 


to be denoted by m. If the trap concentration in 
the sample is small compared with the equi- 
librium majority carrier concentration, deviations 
of both electrons and holes from thermal equi- 
librium values must be equal, and the ratio m 
equals the ratio of the decrease (or increase) in 
concentration of either type of carrier produced 
by the microwaves to the increase produced by 
light. 

As noted earlier, in order to interpret the 
changes of carrier concentration with field as due 
to changes in carrier energy it is necessary to 
eliminate injection or sweepout of carriers by d.c. 
sweeping field. Injection from the contacts was 
eliminated by using samples with one massive 
end, and arranging the polarity of the d.c. field so 
that minority carriers enter at the massive end. 
Sweepout of the photo-injected carriers was 
avoided by limiting the d.c. field Eq.c, to values 
for which the range of the carriers, wEq.c.7tn, 
where yw is the minority carrier mobility, is less 
than the wire length. As will be shown in the next 
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Section, this limited the sweeping field to quite 
small values. 

Measurements of the effect of microwave fields 
on the dark currents were also made with a view 
to checking some of the above considerations, 
and/or finding effects of the field on the dark 
carrier-concentration. ©) 

Large increases in dark current after application 
of high microwave fields were actually found in 
some samples, the effect being as much as 100 per 
cent in one of them. Further investigation of these 
increases, however, showed that they occur in 
samples with marked bulk inhomogeneity, being 
the larger the more inhomogeneous the sample. 
Also, a great enhancement of the effect was 
observed in one sample after surface damage, in 
the form of a track, had occurred as a result of 
electrical breakdown. Thus, these large increases 
in dark current appear to be due to injection during 
the microwave pulse from surface or bulk inho- 
mogeneities, and photoconductivity data were not 
taken on samples that showed sizeable changes in 
dark current after application of the microwaves. 

Measurements of the type described were made 
on n- and p-type germanium samples with life- 
times determined by surface recombination, and 
also on samples with lifetimes determined by re- 
combination at intentionally introduced copper 
centers. Samples of the former type included some 
with small surface recombination velocity s and 
some with large s. The small s-surfaces were pro- 
duced by etching in CP4 for one minute, and the 
large s-surfaces were produced by etching in 
HF-HNOs for 15 sec. The copper doped samples 
were produced by plating with copper and heat- 
ing in sealed quartz vials evacuated to 10~° 
mm Hg. One sample, Cu-1, was made from 
germanium that was originally 2 0/cm n-type 
and which was converted to 24(Q/cm p-type by 
copper diffusion at 630°C. A second sample, Cu-2, 
was made from a 2(22/cm p-type germanium 
sample into which copper was diffused at 560°C; 
the resistivity of this sample changed very little. 


EXPERIMENTAL RESULTS 
A typical oscillogram showing dark currents and 
photocurrents immediately after a microwave 
pulse of 6000 peak V/cm is reproduced in Fig. 4. 
The nearly straight lines represent the dark current, 
the exponential traces the photocurrent. The data 
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Fic. 4. Oscillogram of photocurrent (exponential traces) and dark current 

(straight traces) in a 5 Q/cm n-type Ge sample immediately following a 

microwave pulse of 6000 peak V/cm. The upper pair of traces is for one 

direction of d.c. field, the lower pair for the opposite direction. The 
sample had a surface-limited lifetime of 6 pu sec. 
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Fic. 5. Oscillogram of photocurrent in an n-type Ge sample after a micro- 
wave pulse of 7000 peak V/cm at d.c. sweeping fields of 0-4, 2-2 and 
5-0 V/cm. 
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shown were taken for both directions of sweep 
current to show that the observed effects were not 
due to changes in contact injection or extraction. 
If this had been the case, great differences would 
be expected in the traces obtained in the two 
current directions due to the asymmetry of the 
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shown in Fig. 5. To understand this, it must be 
noted that if the d.c. field is high enough to give 
noticeable sweepout of excess carriers, this sweep- 
out will decrease during the microwave pulse be- 
cause the average mobility of the carriers is de- 
creased. Thus if there were no other changes in 
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PEAK MICROWAVE FIELD IN VOLTS /CM 


Fic. 6. Plot of the ratio mv. peak microwave field for several Ge 
samples. The dotted line is the theoretically calculated ratio for 
constant capture cross section. 


contacts; such differences are not observed. The 
significant feature of these data is the rise in photo- 
current with time after the microwave pulse, 
indicating that the effect of the high field was to 
cause a net recombination of carriers. An enhanced 
recombination rate in high field was, in fact, 
found for all of the samples measured. A small in- 
crease in dark current immediately after the pulse 
can also be seen on the oscillogram. This is prob- 
ably due to the effect mentioned in the last Section, 
injection from sample inhomogeneities. It was 
also found that the steady-state value of photo- 
current shown on the photograph was somewhat 
higher than the steady-state value before the pulse. 
This is probably due to a small temperature rise of 
the sample during the pulse, which increases the 
zero-field lifetime and therefore the photocurrent. 
In support of this hypothesis, it was found that 
after times longer than those shown on the photo- 
graph, of the order of 50 msec or more, the photo- 
current decayed to its pre-pulse value. 

The effects of sweepout by the d.c. field are 


L 


carrier concentration caused by the microwave 
field, the decreased sweepout would result in the 
photocurrent immediately after the microwave 
pulse being larger than the steady-state value. It 
would then of course decay to the pre-pulse steady- 
state value as carriers were swept out again at the 
normal rate. These effects are illustrated in Fig. 5, 
which shows photocurrent for an n-type german- 
ium sample after a microwave pulse of 7000 peak 
V/cm at d.c. sweeping fields of 0-4, 2:2 and 5-0 
V/cm. At the lowest sweep field only the change in 
recombination has disturbed the equilibrium 
carrier concentration and the photocurrent after 
the microwave pulse increases exponentially with 
the zero-field lifetime of 30 usec. For a sweep 
field of 2:2 V/cm the effect of the change in 
sweepout is apparent and the photocurrent first 
decreases before increasing exponentially as did 
the low sweep-field trace. At a sweep field of 
5 V/cm the change in photocurrent is completely 
determined by the decreased sweepout during the 
microwave pulse and the photocurrent shows a 
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monotonic decrease with time. In the interest of 


maximum sensitivity, experimental data on the 
various samples were taken at the highest d.c. 
fields consistent with negligible sweepout. 

Data on representative samples are presented in 
Fig. 6 where m, the ratio of the change in photo- 
conductivity due to the microwave field to the 
change in conductivity due to light alone, is plotted 
as a function of peak microwave field. This ratio 
is always negative, corresponding to the fact, noted 
earlier, that the microwave field caused a con- 
ductivity decrease in all samples observed. 


DISCUSSION OF RESULTS 

Because of its doping, at room temperature 
sample Cu-2 should have one level responsible 
for recombination, the copper level at 0-3 eV. ” 
The density of copper centers introduced into the 
sample by diffusion is about 10!4/cm*, while the 
hole concentration is considerably larger, about 
2 x 1015/cm®, Since the traps are essentially all 
empty, the lifetime 7;, in such a sample is equal to 


the reciprocal of the zero-field capture rate for 
a rl ° 
electrons, 1/C,,. The theory developed in the 


previous paper™? is applicable to this sample, and 
the minority carrier concentration at a time ¢ after 
application of the microwave pulse is given by 
equation (13) of that paper: 


= (mnt g7tn)[exp (—t<¢ 1/r ) (1—1/tn 


1/tz>)+1/tn < 1/te > J, 


where <1/rz» is the average over a microwave 
cycle of the high-field capture rate c Using this 
equation for n(t), we obtain for the ratio m defined 
earlier: 


m = (1+m»/g7tn) {[exp (—A<1/7te>) —1] 


x (1 —] Tth ] ‘TE 

Since the sample is quite extrinsic, the factor 
multiplying the angular bracket is practically equal 
to unity. The quantity 1/7g or C depends, as 
discussed in the previous paper, on the product of 
electron speed and capture cross section A, of the 
traps. If some particular dependence of Ay on 
speed is assumed, <1/7g > can be calculated and m 
is completely determined for a given sample. For 


Ay proportional to 1/2, CA is a constant, in- 
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1/7in, and m = 0. The 
ratio m for Cu-2 has also been calculated for A, 


dependent of field, 1/7 = 


independent of speed, and the result is shown as a 
dotted line on Fig. 6. The actual m for Cu-2 falls 
between the horizontal line for Ay proportional to 
1/v and the dotted line for Ay constant, lying much 
closer to the former. We conclude that at room 
temperature the capture cross section for electrons 
of Cu-centers with a single negative charge de- 
creases as electron speed is increased, almost as 
rapidly as 1/v. 

Unfortunately it is not possible to give such a 
quantitative interpretation of the data for any of 
the other samples. In the other copper-doped 
sample both electron and hole capture processes 
would be important in determining the life-time. 
In the samples with surface recombination pre- 
dominant there are other complications. The zero- 
field lifetime was a function of the diffusion rate D 
of minority carriers as well as of S, and both of 
these can be expected to change with field. 
Theoretical calculation has shown that D for elec- 
trons in Ge will increase with increasing average 
speed and therefore with field. The way in which 
s changes with v will depend on what the surface 
traps are, and how their capture cross sections 
change with speed. As in the case of the bulk 
samples, in order for data such as those shown in 
Fig. 6 to be useful in obtaining information about 
the traps it is necessary to achieve a situation where 
capture of a single type of carrier by a single trap 
level determines the recombination rate. This was 
not attempted for the samples investigated here, 
and is of course much more difficult for the case 
of surface recombination than for bulk recombina- 
tion. 


It is a pleasure to acknowledge our 
indebtedness to Prof. A. MANy for suggesting this in- 
vestigation. 
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DISCUSSION 


M. A. Lampert: Although most of the acceptors are 
singly ionized, in thermal equilibrium in your experi- 
ment, a certain fraction of them are neutral. Have you 
taken care to establish that the recombination is not 
going mainly through the neutral acceptors. Though 
these are fewer in number, the electron capture cross 
section presumably favors them—a case of a neutral 
cross section versus a Coulomb-repulsive one. 


E. M. Conwe.t: I do not know of any data on the 


relative size of neutral and repulsive capture cross 
sections for Cu centers at room temperatures. There 
are such data, however, for Ni and Au centers in Ge, 
quoted by Kalashnikov in his Prague Conference paper, 
and for those cases neutral and repulsive centers are 
within a factor 10 of each other. This would seem to 
provide further evidence, i.e. in addition to the voltage 
dependence we have found, that the Coulomb repulsion 
is unimportant at room temperature. 
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THE RECOMBINATION OF HOT CARRIERS 
—THEORETICAL* 


E. M. CONWELL and J. ZUCKER 


General Telephone and Electronics Laboratories Inc., Bayside, N.Y. 


Abstract—To determine the dependence of capture cross sections of recombination centers on 
carrier speed, it is desirable to vary the average speed of the carriers while keeping lattice temperature 
constant. These conditions, plus the advantage of negligible sweepout of excess carriers by the field, 
can be obtained in high mobility semiconductors by applying short pulses of high microwave field. 
The kinetics of recombination in such high fields are investigated along the lines used by SHOCKLEY 
and Reap for low fields. A relation between the change of carrier concentration in microwave field 
and the speed-dependence of the cross sections is obtained. This relation has been used to determine 
the speed-dependence of the cross section for electron capture of negatively charged copper centers 


in germanium, and the result is discussed. 


INTRODUCTION 

WHEN excess carriers are introduced into a ger- 
manium sample by light, injection at contacts, or 
otherwise, unless the carrier concentration is 
extremely high recombination is known to take 
place through a deep-lying energy level in the for- 
bidden energy gap. Such levels can be provided 
by impurities or other defects at the surface or in 
the bulk. The process of recombination consists 
of an electron from the conduction band being 
captured by an empty recombination center or 
trap, which then captures a hole. Beyond this, 
details of the capture process such as how the re- 
combining carriers dispose of their energy are not 
known. Some of the possible ways for the energy 
to be given up are by radiation or photon emission, 
emission of many phonons either simultaneously 
or in sequential fashion, or to another carrier in 
the form of kinetic energy. The latter process is 
likely to be important at high carrier concentration, 
but we shall not consider such high concentrations 
here. 

The probability per unit time of an empty trap 
capturing an electron is the product of its capture 
cross section A,» for electrons and the speed v of 
the electron. The capture cross section Ap of a 
filled trap for holes can be defined similarly. The 
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cross sections A, and A, can be expected to de- 
pend on the speed or energy of the carriers, the 
nature of this dependence being determined by 
the nature of the trap potential and the details of 
the capture process. It would be useful to measure 
the dependence of cross sections on speed of the 
carriers in order to help elucidate the nature of the 
capture process. Since varying the lattice tempera- 
ture changes phonon abundance as well as carrier 
speed, measurements of recombination or life- 
time as a function of temperature do not give un- 
ambiguous information about the speed-depend- 
ence. It is clearly desirable to observe recombina- 
tion under conditions where carrier speed is varied 
but phonon abundance is not. These conditions 
are obtained in the typical hot carrier experiment“) 
where, by applying high electric fields in short 
pulses with low repetition rate, the ‘‘temperature”’ 
of the carriers is substantially raised during the 
pulse while the lattice temperature is kept constant 
to within a few degrees.* Such experiments have 
been done with pulses of d.c. field or with pulses 
of microwave field. Since high d.c. fields would 
sweep out excess carriers rapidly, heating the 
carriers by pulses of microwave field is more 
suitable for this type of investigation. 


* Although phonons are continually generated by the 
hot carriers, the phonon lifetime at room temperature 
is expected to be so small that no significant deviation 
from the thermal equilibrium distribution results. 
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Unless Ay and A» are proportional to 1/v, which 
is not likely to be generally true, the capture rates 
of electrons and holes, and therefore the recom- 
bination rate, will be changed by application of 
high fields. This applies to the case where the 
traps are at the surface as well as in the bulk. If 
the traps are at the surface, however, the recom- 
bination rate depends also in general on the 
diffusion rate of excess carriers. The diffusion rate 
can also be expected to depend on the average 
speed or ‘‘temperature” of the carriers, and this 
provides an additional source of field-dependence 
of recombination. 

In what follows we shall discuss only the effect 
of high fields on the bulk recombination rate,+ and 
how to extract from the measurement of the change 
in recombination the dependence of the cross 
sections on speed. Experimental observation of 
the predicted effects and speed-dependence of 
A, for one particular case are reported in the 
following paper. ‘2? 


BULK RECOMBINATION IN HIGH ELECTRIC 
FIELD 


The model of recombination we have been con- 
sidering, and will now discuss more quantitatively, 
is that investigated by SHocKLEY and Reap? under 
the (implicit) assumption of low electric fields. Re- 
combination is assumed to occur through a single 
set of trap levels at energy «; in the forbidden gap. 
Actually, of course, recombination centers usually 
have many levels, but by careful choice of sample 
doping and temperature it is possible to approxi- 
mate a one-level situation quite well. For sim- 
plicity we shall deal with a unit volume of material. 
The number of empty traps in this volume is the 
number of traps Nz times the probability that a 
trap is unoccupied, fp. The number of conduction 
electrons in this volume is ”. As noted earlier, the 
probability per unit time of an empty trap captur- 
ing an electron with speed v is vAy. The total 
number of conduction electrons captured by traps 
per second is then <vAn)>Nifpn, where the 
average of vA» indicated is to be taken over the 
velocity distribution of the conduction electrons. 
In low electric fields this velocity distribution is, 
of course, a Maxwell—Boltzmann distribution at 





+ The effect of high fields on the diffusion rate is dis- 
cussed in another publication now in preparation. 
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the lattice temperature 6. In high electric fields 
this is no longer the case. To emphasize the fact 
that the average is to be taken over the velocity 
distribution at the field £, a subscript E will be 
written after the average. It is convenient to intro- 
duce the notation 

<vAn)>eN, = C® (1) 
The quantity ce is the average probability per unit 
time that an electron in the conduction band will 
be captured if all the traps are empty and the dis- 
tribution of electron energies is that produced by a 
field of intensity Z. With this notation, the capture 
rate of electrons by traps is CE fn. It should be 
emphasized that f, and m may not have the same 
values in high fields as in low fields. 

When an electron is in a trap, it can either be 
emitted back into the conduction band or fall into 
the valence band. The latter event can be thought 
of as hole capture and its rate calculated in a quite 
similar way to that for electron capture. The rate 
for the former event, electron emission, was shown 
by SHOCKLEY and Reap for the low-field case to be 
Cnfni, where f is the fraction of traps that are filled, 
and 


ny = Ne exp(er—€c)/ROo, 


N- being the density of states in the conduction 
band and e;—€¢ the energy of the trap level meas- 
ured from the edge of the conduction band. If f 
were to remain the same in high fields, this rate 
would be the same as for low fields because in non- 
degenerate samples it does not depend on the actual 
distribution of carriers in the conduction band. We 
can then write the rate of emission in high fields as 
C” fn, the superscript 0 indicating that the aver- 
age of vA, is to be taken over the zero-field distri- 
bution of the carriers. 

The net rate of capture of electrons in high fields 
is the difference between capture and emission 
rates, 


C* fyn—C? fry (2) 


It can be shown similarly that the net rate of cap- 
ture of holes in high fields is 


Ch fp—C) fh (3) 
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where pj, the quantity analogous to mj, is the den- 
sity of states N, in the valence band times 
exp (€y—€¢)/RO.* 

We shall now apply these considerations to a 
situation that was studied experimentally by J. 
Zucker.) A germanium sample is irradiated with 
light of intensity such that it generates g electron- 
hole pairs per second. With a small d.c. field 
applied to the sample, this gives rise to a small 
photocurrent. In the steady state, carrier concen- 
trations are given by m = nmint+gtin and pp = 
Pint+g7tn, the subscript th indicating the thermal 
equilibrium values of the quantities. At t = 0, and 
after the establishment of the steady state, a sinu- 
soidally varying high electric field is applied to the 
sample. If we assume no changes in carrier con- 
centration from surface or contact effects, to find 
the carrier concentration at a time ¢ after application 
of the field we must solve the equations 


_ CE fpn+ Co fat+g 


d iE 0 
= ~Chfo+Cpfobi+es 


and the additional equation obtained from the con- 
servation of charge condition: 

d(N:f) dn dp 

— —-= ——+— (6) 

dt dt dt 

The last equation can be integrated directly and the 
result used to eliminate f and fp (= /—f) from the 
other two equations. The resulting pair of coupled 
differential equations is not easily integrated for 
the general case. We shall confine ourselves here 
to solving them approximately for a simple case 
that is quite useful. If concentration changes due 
to both light and field are small, and majority 
carrier density is large compared to the trap den- 
sity, then we may neglect the changes in m and p 
produced by changing concentrations in the traps, 
and take f and f, to be constant. The third equation 
then gives 


This means we can get the same information by 





* These expressions have been derived in more detail 
by E. M. ConwELt, Ref. 4. 
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solving either of the other two equations, so we 
shall work only with equation (4). It is informative 
to put this in a different form before integrating. 
Before the application of the high electric field, 
the system was in a steady state such that: 


- 0 0 

dt = 0 = —Ci fptot+ Ci fmt+g (3) 
We can use this relation to eliminate g from (4), 
transforming it into 


dn 2 
- = —CE fpn+C? fyno (9) 
This says that the rate of change of n in the electric 
field EF is given by the difference between the 
capture rate of electrons in zero field and the cap- 
ture rate in the field Z. The equation takes this 
simple form because by assuming constant f we 
have made the emission rate from the traps inde- 
pendent of £. 
The solution of (9) that satisfies the boundary 


condition that att = 0 m = npis: 
: LINE £ 
n = mo [exp—(t¢ Cr fp>r 


x (1-C9/CE) 7) + C9 CE 7) 


nN ¢ ” 


(10) 


where the average of C, as indicated, is to be 
taken over a cycle of the electric field. A solution 
of similar form is obtained for p, with fp replaced 
by f. It is interesting to note that in the limit of 
very long time ¢ 


(11a) 


Pa ye”, ee, we 
ea (mn+gtn)C,/< Cy >1 


p aos >( pth + grtn)C? & T (11b) 


In the absence of light (g = 0) this gives: 


np -n2(C°C8/ < CE) 7 ce v)s (12) 


{200 n~D n 1) 
where 7; is the intrinsic carrier concentration. This 
relation is the generalization for high alternating 
electric fields of the expression derived earlier for 
high d.c. fields. 

Equation (10) has been derived for a sample 
that has the property that recombination takes 
place through one set of trap levels, the concentra- 
tion of these levels being small compared to the 
majority carrier concentration. To relate the 





152 E. M. 


quantities in (10) to experimentally observable 
ones, it is convenient to impose the further re- 
quirement that the sample lifetime be determined 
by the capture rate of only one type of carrier. A 
sample that satisfies all these requirements is a p- 
type germanium sample at room temperature with 
resistivity of about 1022cm, corresponding to 
about 2 x 1015 holes/cm3, and recombination taking 
place at copper centers present in a concentration 
of 10!4/cm? or less. 6) In such a sample the 
copper levels at 0-05 eV will all be filled and the 
copper levels at 0-3 eV will practically all be empty. 
The hole concentration is high enough for the 
lifetime to be equal to the rate at which the nega- 
tivity charged copper centers capture electrons.©) 
Since ce denotes this rate, the lifetime of this 
sample in the absence of electric field, 7:n, equals 
1/C°. If we denote the quantity C% by 1/7g, then 
for such a sample we may write (10) as 


n = no [exp(—t< 1/7z)) 


x (1-1/7 <1/7z> )4+1/tin <1/7E> )] (13) 
where ” is now the minority carrier concentration. 

From the form of (10) or (11) it can be antici- 
pated that the quantity that will be determinable 
experimentally is <C”>/C°. In terms of the 
cross section for electron capture A, this is given 
by 

, 


CFY/C9=(1/T) | edn x dt 
0 


where the averages are to be taken over the velocity 
distribution at the field indicated. If we make the 
assumption that the cross section is proportional 
to v/, we obtain from (14): 


CE/C8 = (1/T) | <of+1)e dt 


« 


0 


For hot electrons in germanium it has been 
found that over a wide range of fields the distri- 
bution function is well approximated by a 
Maxwell—Boltzmann distribution.'?) Denoting the 
temperature of this distribution by 0g, we obtain 
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i 


Cor >/C} = (1/T) cea) dt 
0 


= ((92/%)F)? >p (16) 


The ratios 99/4 and (@¢/@)/2 for electrons in ger- 
manium are plotted in Fig. 1 as a function of d.c. 
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ELECTRIC FIELD INTENSITY IN KV/CM 
Fic. 1. (80/@z) and (@z/60)'/2 (solid lines) as a function 
of electric field, and average of (@z/60)!/2 over a cycle 
(dashed line) as a function of peak electric field for 
electrons in Ge at room temperature. 


field. They were obtained from a theoretical calcu- 
lation of high-field mobility jg as a function of Og 
by correlating with each value of 09/4, the field at 
which the theoretically predicted value of yugz/0 is 
observed experimentally.) Of course the calcula- 
tions of yg vs. Og were made for the electrons as 
majority carriers. Since the hole temperature in a 
given field does not appear to be very different 
from the electron temperature, 8) and carrier con- 
centrations are not very high in the samples under 
consideration here, it is felt that the temperature 
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vs. field curves of Fig. 1 should provide a good 
approximation for this situation. 

The averaging over a cycle of the electric field 
indicated in equation (16) has been carried out for 
the case of a velocity-independent cross section, 
ie. j = 0. The resulting variation of <C%>/C° 
with peak electric field is shown by the dashed line 
in Fig. 1. At a peak field of 5000 v/cm it is seen 
that the average rate of electron capture for this 
case of constant cross-section is more than twice 
the rate in zero field. For j > 0 the average capture 
rate would increase even more rapidly with field. 
For j less than zero there are different situations 
depending on whether j > —1 or j < —1. At 
j = —1, corresponding to 1/v dependence of the 
cross section, <CZ>/C° =1 and there is no 
change in recombination rate with field, as antici- 
pated. Thus the curves representing the variation 
with field of <C%>/C® for values of j between 
0 and —1 would be between the dashed curve and 
the horizontal axis of Fig. 1, the increase in 
average speed being partly cancelled by the de- 
crease in cross section with field. For 7 < —1, 
<CE>/C® is less than 1. The curves of <C%/>C° 
would lie below the horizontal axis of Fig. 1, the 
more so the larger the magnitude of j. 

Application of the foregoing theory to the experi- 
mental results of J. ZUCKER has produced infor- 
mation on the variation in cross section with speed 
for a Cu-doped sample of the type described 
earlier. Specifically, it is found‘) that the cross 
section for electron capture of copper centers with 
a single negative charge decreases with increasing 
speed of the carriers. This result is rather surpris- 
ing. Because of the Coulomb repulsion between the 
center and the electron, it has been felt that the 
cross section should increase rapidly with increas- 
ing speed of the carriers. Early work": 1 on the 
temperature-dependence seemed to be in agree- 
ment with these expectations, the experimentally 
obtained cross sections apparently increasing 
rapidly with increasing temperature between 100 
and 300°K. On the basis of more recent theoretical 
and experimental work, however, KALASHNIKOV"!) 
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states that this cross section decreases slightly 
when the temperature is raised. He still feels that 
Ay should increase with increasing speed, and 
therefore suggests that the observed temperature 
dependence is due to other factors that decrease Ap 
with increasing temperature. He also points out 
that it has been shown by BONCH-BRUEVICH that 
the v-dependence of A, need not be as strong as 
was thought earlier, because electrons may tunnel 
through the Coulomb barrier. 

It has been pointed out by AIGRAIN that one 
possibility for explaining the decrease of cross 
section with increasing speed is that the capture 
process involves multi-phonon emission. An 
electron with greater energy would have to emit 
more phonons, which would be a less probable 
process. Evidence that electron capture by Ni- 
centers in Ge involves multi-phonon emission 
has been found by M. BerNarp and coworkers, ‘12) 
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NEGATIVE RESISTANCE AND HIGH ELECTRIC FIELD 
CAPTURE RATES IN SEMICONDUCTORS 
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Abstract—It is pointed out that the rate of capture of electrons and holes by charged centres should 
depend markedly on electric field strength when this is high enough to produce hot electrons. In 
particular, the capture rate for an attractive centre should decrease while the rate for a repulsive centre 
should increase as the field rises. Each effect will alter the steady state density of carriers. For the 
case of repulsive centres, a decrease in carrier density will occur and the possibility of using this 
phenomenon to produce a negative resistance state in the semiconductor is discussed. Suitably 
compensated n-type germanium crystals containing copper, nickel or gold appear to have the re- 
quisite properties for exhibiting negative resistance at temperatures low enough for the thermal 
ionization rate of the centre to be small. It is pointed out that the long time constants involved in the 


process preclude the use of short pulse fields. 


1. INTRODUCTION 

Tue fact that an electric field above a 
critical value can alter the equilibrium distribution 
of electrons over the various energy states in a 
semiconductor has recently given rise to specu- 
lations concerning the possibility of achieving a 
negative resistance region in the current-voltage 
characteristic (RIDLEY and Warkins")). A semi- 
conductor exhibiting a differential negative re- 
sistance will have the peculiar property of passing 
a smaller current when the field is increased, and 
this should produce a marked electrical instability 
if random fluctuations in the field occur slowly 
enough. Interesting phenomena may occur and 
it is of interest to enquire under what conditions 
a differential negative resistance can be obtained. 

Naively, we may collect all the various energy 
states into groups characterized by different 
mobilities of the electrons or holes occupying 
them. For instance, in n-type GaSb there would 
be at least three groups—the central conduction 
band minimum at k = 0 characterized by mobility 
fa, the [111] minima characterized by mobility 
4p, and the majority impurity states characterized 
by zero mobility, or mobility yu, if impurity con- 
duction is important. Or again, in n-type Ge doped 
with gold the two important groups at low tem- 
peratures might be the [111] conduction band 
minima, mobility jg, and the upper gold levels, 


certain 


mobility jz». The action of the electric field will be 
to alter the mobilities and by raising the electronic 
energy change the population of the various con- 
duction groups. If only two groups predominate 
the condition for a differential negative resistance is 


Ha—PFb | 
Hat+fen Ng dF 


F | ine 
Ha +f b 


where mg and nm» are the numbers of electrons in 
groups a and 5b respectively, f = np/ma, F is the 
electric field, and it is assumed that mg +m» remains 
constant. If raising the field tends to increase the 
population of group 3 it is essential that wp < pa, 
and we must rely on lattice scattering to make the 
mobilities decrease with increasing field. 

An ideal case is one in which the group 3 states 
are localized for then 1» = 0. This is the case to be 
discussed here. The group a states are the conduc- 
tion band states in m-type material and we will 
limit the discussion to electronic conduction. 

Since localized states are below the conduction 
band in energy it may be asked how an increase 
in energy of the conduction electrons can lead to 
an increase in the population of a lower energy 
state. The paradox is solved if the electrons are 


dup 
effet > I 
dF a 0) 
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forced to overcome a potential barrier before being 
captured and this will occur whenever the localized 
centre is negatively charged. An increase in field 
means that more electrons have the necessary 
energy for surmounting the barrier and this results 
in an enhanced capture rate. If no increase in the 
generation rate occurs, and this supposes a constant 
temperature and no impact ionization, the net 
result is a withdrawal of conduction electrons 
which can lead to a differential negative resistance. 
Barriers of up to 0-2 eV have been observed in 
germanium containing copper, nickel or gold 
(BatTey and BauM®); SHULMAN and WyLupa®); 
JouHNson and LEvINSTEIN"™?). 

Before going on to obtain more explicit require- 
ments it is instructive to consider the orders of 
magnitude involved in changes of capture cross- 
section with field. For repulsive centres the cross- 
sections for thermal electrons are around 10-2? 
cm? and for attractive centres they can be as high 
as 10-12 cm?, while for neutral centres they are of 
the order of 10-1’ cm?. For low energy electrons 
the effect of the charge on a centre is very large 
but as the electron energy increases the effect of 
the charge decreases until in the limit the centre 
appears virtually as neutral. Thus changes in 
cross-section with mean electron energy over five 
orders of magnitude seem possible especially at 
low temperatures. It is clear that large changes in 
carrier density can occur, a reduction in the case of 
repulsive centres and an increase in the case of 
attractive centres. CONWELL") has already pointed 
out that the field dependence of capture rate can 
ibe an important effect in hot electron experiments. 


‘2. CHANGE IN CAPTURE RATE FOR REPULSIVE 
CENTRE 


Consider the case of an extrinsic n-type semi- 
conductor at a low temperature whose conduction 
electrons derive from thermal ionization of a 
negatively charged impurity centre. We shall 
suppose, for simplicity, that any other localized 
levels in the bulk or on the surface which may exist 
are separated in energy from the impurity level by 
several kT and that the Fermi level is near to the 
impurity level. This means that the other localized 
levels are either empty or full and do not interact 
significantly with the conduction band. These are 
the usual conditions pertaining when Hall measure- 
ments are made to determine the activation energy 
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of the impurity level, so they are in no way unusual. 
Over a suitable temperature range a germanium 
crystal containing N gold atoms per cm? and about 
2-5 N antimony atoms per cm? would fulfil these 
conditions (for N > 10!4/cm? to swamp other 
impurities). The density of electrons in the con- 
duction band would then be governed solely by 
the rates of transition associated with the upper 
gold level. 

Under these conditions the rate of increase of 
electron density, , in the conduction band is 


dn 
——= 2 oN -— Bn NO? (2) 
dt 


where N- is the density of filled levels, N® is the 
density of unfilled levels and g and B are the rates 
for thermal ionization and capture respectively 
averaged over the electron distribution and are in 
general field dependent. We shall assume that the 
thermal ionization rate, depending solely on lattice 
temperature as it does, is not appreciably affected 
by the field. At the steady state, therefore, 


Bon, N-— Bn N® = 0 


where 
i 2am*kT 


1/2 
exp (— E;/kT) 


EF; is the energy of the level measured from the 
conduction band edge, and the suffix zero denotes 
thermal equilibrium (low field) values. 

If An is the increase in electron density due 
to the field we obtain by putting » = no+An, 
N- = N,—An, and N° = N}+An 

An = 3[{(NO+m+ym)?—4noNf(1—y)}} 2 
70 
—(Nj+no+ym)] (3) 


where 


Bo 
4 


vy 
/ 


This may be simplified for the case when the 
doping is such that only about half the levels would 
be occupied at 0°K. The example of gold-doped 
germanium cited above would satisfy this con- 
dition. There is then always a substantial density 
of unoccupied levels available for electron capture, 
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and at temperatures below that for complete ioniza- 
tion of the level we can put 
no < ny < N® 
0 1 49° 
For a repulsive centre y < 1 so that ym is also small 
and (3) becomes 
An = —n(1—y). (4) 


The potential distribution around a repulsive 
centre is shown schematically in Fig. 1. It may be 


Electron 
Energy 


Conduction Band Edge | 
far from Impurity Atom 





___— Distance 


Fic. 1. Schematic diagram of potential around a nega- 
tively charged impurity centre. 


thought of as the superposition of a coulomb re- 
pulsive potential and a short range attractive 
potential. Since the interaction between an electron 
and this potential field will be substantial it means 
that an appreciable energy variation over a free 
electron wavelength will occur. A rigorous estima- 
tion of the electron density near the centre, which 
is the operative density governing the effective 
rate of capture, would therefore involve the 
solution of the relevant Schrédinger equation, 
which in turn requires a knowledge of the precise 
potential field. We need, in fact, a refined picture 
of deep-level centres in semiconductors but, un- 
fortunately, this does not exist. To avoid an 
impasse we will accept PEKAR’s‘®) assumption that 
the electron density near the centre differs from 
the average by a factor exp[—¢/k7T] at thermal 
equilibrium, where ¢ is the potential barrier. If 8 
is the capture rate of electrons which have sur- 
mounted the barrier, the effective capture rate Bo is 


Bo = Bexp(—4/RT) 


If 4/kT is large the main variation with field will 
come from the density factor. For hot electrons 
the distribution function changes in general from 
a Maxwellian to some function f(F,¢), so if the 


variation of 8 with field is neglected 
B = Bf(F,4). (5) 


3. CONDITIONS FOR NEGATIVE RESISTANCE 
The conditions for negative resistance (1) be- 
comes with yp = 0, mq = no+An, and pigxF?, 


————__: —_--p>]1 
nmo+An_ dk P 


or, with (4) and (5) substituted 


F fF) 
———_ ———-p>l. (6) 
fF) dP 

The most favourable case occurs when the 
electron temperature is high enough for excitation 
of optical phonons to become the dominant 
mechanism for scattering, for then p tends towards 
—1 and any increase in the capture rate will be 
effective. However, if the barrier is less than or of 
the same order as hwy; the variation of 8 with field 
becomes important and this we have neglected in 
(6). All measured barriers in germanium are 
greater than hwo, (~ 0-04 eV) so an increase of 
capture rate should occur in the current saturation 
region. 

If the electron temperature is low enough for 
impurity scattering to be still dominant the con- 
ditions are much more formidable. An estimate 
can be made with the assumptions that p = +1:5, 
the electron temperatures, 7 = constant x F, and 
a Maxwellian distribution prevails, i.e. 


f(F,6) = exp(—4/kT0). 
The condition is 
b/kT, > 2:5. 


The solubilities of deep level impurities in ger- 
manium preclude concentrations much above 
1015/cm3 which means that impurity scattering will 
not be important when Rk7;, is greater than,say, 
()-025 eV. Always assuming that the lattice tem- 
perature is low enough for kT’ < 0-02 eV the con- 
dition becomes 


b > 0-07 eV. 


Observed barriers satisfy this condition. This 


suggests that negative resistance phenomena 
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should be observable over a wide range of field 
strengths. 

As regards material, germanium, containing as 
impurity any one of copper, silver, gold, platinum, 
iron, cobalt, or nickel, and suitably doped with a 
shallow level donor, should be suitable. 


4. DISCUSSION 

It must be emphasized that these considerations 
apply to the steady rate. The time constants in- 
volved in transitions between repulsive impurity 
states and the conduction band can be of the order 
of seconds or even minutes at low fields and still 
be of the order of tens of microseconds at high 
fields. The use of short field pulses of about 1 usec 
duration would merely show the mobility variation 
with field (unless the impurity concentration were 
high). D.C. fields are therefore desirable but heat- 
ing effects must be avoided since the thermal 
generation rate must not increase. Heating effects 
can be delayed to higher fields by working at low 
temperatures and with high resistivity material. 

Impact ionization of the deep level will destroy 
any negative resistance effects. An electron to pro- 
duce impact ionization must not only surmount a 
higher barrier, since the filled centre will carry an 
extra negative charge, but still have sufficient 
energy left over to ionize. This effect should there- 
fore occur at higher fields than those necessary to 
affect the capture rate, so its influence will be 
rather to reduce the range of fields over which 
negative resistance is possible than eliminate the 
possibility altogether. 

The conditions relating to temperature and 


doping considered in section 2 are, of course, 
especially favourable but by no means essential. 
For instance, if over-compensation gives an excess 
of donors so that some occupation of donor levels 
occurs at very low temperatures, the effect of the 
change of capture rate of the repulsive centre on 
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the population of the conduction band will be less 
and the conditions for negative resistance become 
more stringent but not necessarily impossible to 


meet, 


5. CONCLUSIONS 

When the mean conduction electron energy is 
less than the potential well surrounding a positively 
charged centre or the potential barrier surrounding 
a negatively charged centre the capture rate will be 
markedly dependent on the local density of elec- 
trons at the centre. Increasing the mean energy by 
applying an electric field decreases the density 
near positive centres and increases the density 
near negative centres. The capture rate for positive 
centres is therefore reduced while that for negative 
centres is increased. In this paper we have shown 
that the increased rate of capture for repulsive 
centres provides a feasible mechanism for the 
production of negative resistance phenomena. 
In materials where the high field drift velocity is 
limited by optical phonon emission the barrier 
height, ¢, must be, preferably, several times the 
optical phonon energy hwopz. In germanium, there- 
fore, d ~ 0-1 eV and barriers of this amount have 
been observed. This suggests that far from being 
a marginal effect, the phenomenon of negative re- 
sistance should be readily observable. 
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RECOMBINATION PROCESSES IN FAR INFRARED 
PHOTOCONDUCTORS 


GERALD S. PICUS 


Hughes Research Laboratories, Malibu, Calif., U.S.A. 


Abstract—The conductivity, photoresponse and noise in germanium doped with Zn and Cu 
have been measured at 4:2°K as a function of applied electric field and incident background photon 
flux in an effort to better understand the free carrier generation and recombination processes that 
determine the behavior of these materials as detectors of far infrared radiation. The J-V character- 
istic shows a high field breakdown similar to that observed in the dark. At intermediate values of 


electric field, the current varies as I 


Io exp(V/oV) where Jo is proportional to the incident photon 


flux and V9 is of the order of 0:25 to 0:4 of breakdown voltage. For low fields the samples are ohmic 
with conductivity proportional to the incident photon flux. The deviation from ohmic behavior is 
attributed to the increase of the free carrier recombination time as the carriers are heated by the 
electric field. There are indications that carrier effective temperatures depend also on the spectral 


distribution of the incident radiation. 


1. INTRODUCTION 

A NUMBER of fast, sensitive detectors of long wave- 
length infrared radiation have been fabricated 
utilizing the photoconductive effect in impurity 
doped semiconductor materials. These materials 
show striking deviations in their behavior from 
that based on the simple model usually invoked 
to explain their properties. It is found from this 
model that the equivalent short circuit signal and 
noise currents are both directly proportional to the 
d.c. electric field and that the noise power fre- 
quency spectrum is flat up to frequencies of the 
order of the reciprocal of the lifetime. Only gener- 
ation recombination noise is being considered here. 
The current voltage characteristic of such a photo- 
conductor is by assumption a straight line. 

For zinc- and copper-doped germanium, the 
most striking deviations from ideal behavior occur 
in the case of the current-voltage characteristics 
and the noise. The current increases above that 
which would be expected for a purely ohmic ele- 
ment at fields as low as a tenth of a volt per centi- 
meter and all three materials eventually show, 
at some critical field V;, a very sharp increase in 
the current (by several orders of magnitude) with 
very small increase in the field. This breakdown is 
attributed to the impact ionization of impurity 
centers by energetic free carriers.“:2) In this 


region of the current-voltage curve more carriers 
are being produced by the internal impact ioniza- 
tion mechanism than by the incident external 
photon flux, and the photoresponse decreases 
sharply. This paper is concerned only with 
phenomena occurring at fields below breakdown. 

With respect to noise, the situation is confusing 
in that the behavior of the short circuit noise 
current as a function of bias field was found to vary 
considerably from sample to sample and appeared 
to be related to the electroding technique that was 
used. Copper-doped germanium showed such 
variations to a much greater extent than did zinc- 
doped germanium. One feature which both 
materials had in common was a very large increase 
in the noise power output at fields just preceding 
the onset of breakdown. This effect was found 
regardless of electroding technique and polarity 
of the applied field. 

In the hope of better understanding these 
phenomena, a program was undertaken to investi- 
gate the generation and recombination mechanisms 
of free carriers with ionized impurity centers in 
doped semiconductors at low temperatures. Since 
estimates of carrier lifetime from normal photo- 
conductance measurements indicated values of the 
order of 10-8 to 10-19 sec, we did not attempt 
to study recombination directly by measuring the 
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photoconductivity decay time. Instead, the 
approach taken was to vary the carrier concentra- 
tion in the photoconductor by varying the photon 
flux incident on it and to study the current- 
voltage characteristics, noise and photoresponse 
in the presence of different incident photon fluxes. 
The purpose of this paper is to report the results of 
these measurements and some considerations con- 
cerning their interpretation in terms of the genera- 
tion and recombination processes occurring in 
these materials. 


2. EXPERIMENTAL DETAILS 

The zinc- and indium-doped germanium crystals used 
in these experiments were Czochralski pulled crystals 
doped in the melt. The copper-doped germanium was 
prepared from zone leveled starting material by diffusion 
of copper at temperatures in the range of 700-800°C. 
The properties of the individual samples will be described 
when the experimental results are given. Samples cut 
0-125 in. square and 0-060 in. thick were electroded on 
two opposite 0-060 0-125 in. sides by one of three 
techniques: (1) electroplating copper; (2) electroplating 
nickel; or (3) alloying indium. The latter technique gave 
excellent results on zinc- and indium-doped germanium, 
but gave very erratic results with copper-doped ger- 
manium. Such alloyed contacts on copper-doped speci- 
mens gave polarity dependent current-voltage character- 
istics and the low temperature impedance and critical 
breakdown field varied over an order of magnitude for 
samples prepared from the same material by what was 
presumably the same electroding procedure. Plated 
electrodes were much more successful on copper-doped 
germanium in giving consistent values of impedance 
and breakdown field, although they were not repro- 
ducible with respect to noise characteristics. 

The samples were soldered to the bottom of the helium 
reservoir in a standard metal Dewar vessel and were 
surrounded by helium temperature shields with aperture 
defining a solid angle of 0-0156 steradians. A blackbody 
constructed from a copper cylinder with a 14° cone cut 
into the end of it was mounted in the Dewar so that it 
completely filled the solid angle seen by the sample. By 
varying the temperature of this blackbody from 90°K 
up to about 380°K it was possible to vary the background 
photon flux incident on the sample by several orders of 
magnitude. For photoresponse measurements, the black- 
body is removed and an infrared transparent window is 
substituted. All of the results to be presented in this 
paper were taken with the sample held at liquid helium 
temperature. 

Where data is presented in this paper without any 
presentation of individual points, the original raw data 
was obtained by continuous recording techniques. Signal 
and noise measurements are all referred to a calibrating 
signal introduced into the input circuit in such a way 
that the recorded data can be easily interpreted to give 
directly the equivalent short circuit signal and noise 
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currents corrected for the sample’s dynamic impedance, 
which varies with the applied bias. 


3. EXPERIMENTAL RESULTS 
Zinc-doped germanium 
A semilogarithmic plot of current versus sample 
voltage for zinc-doped germanium is shown in 
Fig. 1. The material had a room temperature 


resistivity of 0-4/Ocm, corresponding to a net 











60 
VOLTAGE, VOLTS 
Fic. 1. Semilogarithmic plot of current versus voltage 


for zinc-doped germanium at three different temperatures 
of the illuminating blackbody. 


zinc concentration of 1016/cm?. No data is avail- 
able concerning the compensating donor concen- 
tration but from experience with materials from 
the same source it is estimated at between 1013 and 
10!4/cm3, For clarity, curves corresponding to only 
three different blackbody temperatures are shown 
in this figure. The current increases above that 
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corresponding to ohmic behavior at electric field 
intensities as low as 15 V/cm. The dependence of 
current on voltage is exponential from 20 V 
(63 V/cm) up to the onset of breakdown, which is 
observed in this sample at 129 V (405 V/cm). If the 
exponential portion of the curve is represented as 
I = I, exp(V/V.), then the parameters J, and V, 
are found to vary with the incident photon flux as 
indicated in Figs. 2 and 3. The photon flux was 
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Fic. 2. Variation of coefficient Jp of exponential portion 
of I-V characteristic curve of zinc-doped germanium 
with incident photon flux. 


calculated using the blackbody radiation law and 
assuming that the photoionization absorption of 
the zinc impurity centers cut off at 40 microns. 
Impurity concentration and sample thickness were 
large enough so that the sample was no more than 
10 per cent transmitting at wavelengths shorter 
than 10 microns and even less transparent at longer 
wavelengths. The assumption of an opaque sample 
is justified within the precision of the experiments 
and eliminates the necessity for integration over 
the blackbody spectrum. The parameter J, is 
found to increase linearly with the incident photon 
flux, within experimental error, and Vo increases 
logarithmically with photon flux. 
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Fic. 3. Variation of the parameter V> of exponential 
portion of J-V characteristic curve of zinc-doped ger- 
manium with incident photon flux. 


The current at one volt bias, which for this 
sample is in the ohmic region, is also shown as a 
function of photon flux in Fig. 2 and is found to 
vary a little less rapidly with incident photon flux. 
The difference is not outside of the estimated 
experimental precision and both curves would 
probably be slightly steeper if accurate account 
were taken of the variation of sample absorption 
with wavelength. 


Copper-doped germanium 

The copper-doped germanium sample tested 
was one of a series prepared to check the effect of 
compensation on photoconductor properties. Of 
these only the one to be described here has so far 
been measured and it was prepared by diffusing 
copper into germanium that was initially 15 Q/cm 
n-type and so had approximately 1014 compen- 
sating donor impurities per cubic centimeter. 

This sample, cut to the standard 0-125 x 0-125 in. 
size, was electroded by plating the ends with nickel 
and then soldering to the nickel plate with pure 
indium. The current voltage characteristics for 
four different temperatures of the illuminating 


blackbody are displayed in Fig. 4. The general 
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Fic. 4. Semilogarithmic plot of current versus voltage 

for copper-doped germanium at four different tempera- 

tures of the illuminating blackbody. The sample was 

prepared by diffusing copper into initially 15 Q/cm 
n-type germanium. 


character of the curves is as previously noted for 
the zinc-doped germanium specimen. The data 
for these curves was recorded on an xy recorder 
and deviations from ohmic behavior are evident 
on the traces at sample voltages of 0-3 V (electric 
field intensities of 1 V/cm). The sample con- 
ductance in the ohmic region was found to vary 
linearly with the incident photon flux and the 
same is true for the parameter J). Vg was found to 
change by less than 10 per cent over approximately 
two orders of magnitude of photon flux, as com- 
pared to a factor of two for the zinc-doped ger- 
manium. 

For this sample, the incident photon flux was 
also varied by changing the aperture in the helium 
temperature shield with room temperature radia- 
tion incident on the sample. The J—V character- 
istics for these two situations are shown in Figs. 
5 and 6. Within experimental error, J, changed in 
the ratio of the areas of the apertures, but V, was 
identical for the two runs. This result leads to the 
speculation that the variation in V, is only 
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indirectly related to the magnitude of the incident 
photon flux and may be due to the variation in 
spectral distribution of the incident photons as 
the blackbody temperature is changed. This point 
is being checked in measurements on other copper- 
doped samples. 

Figures 5 and 6 also display two other para- 
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Fic. 5. Current-voltage characteristic, photoresponse 
and relative noise power of partially compensated 
copper-doped germanium as functions of applied voltage. 
Shield aperture was 1-01 x 10-1 cm?. 
meters of interest for these photoconductor 
materials: photoresponse and noise as a function 
of applied voltage. Both of these quantities are 
represented by the square of the ratio of the 
equivalent short circuit currents to the bias current. 
The curves shown are for a frequency of 1000 c/s 
and the passband for the noise measurement was 
approximately 350 c/s. This wide passband was 
used in order to reduce the amount of time 
necessary for a complete trace on the x-y recorder. 
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Fic. 6. Current—voltage characteristic, photoresponse 
and relative noise power of partially compensated copper- 
doped germanium as functions of applied voltage. 
The shield aperture was 1:27 x 10-2 cm? and a cooled 
intrinsic germanium filter preceded the sample. 


The photoresponse is flat up to critical break- 
down voltage in the presence of high photon flux 
(large aperture), but begins to fall off at 0-7 V- 
when the photon flux is reduced. The widely 
varying noise power indicated in the figures was 
reproducible for a given set of operating conditions 
but changed drastically if polarity was reversed 
or if the electrodes were modified. Only the large 
increase in noise power immediately preceding 
breakdown appeared reproducibly in different 
samples. 


DISCUSSION 

Discussion of the results presented above is best 
presented within the framework of the simple 
model of impurity photoconductivity in which the 
recombination rate is assumed proportional to the 
free carrier concentration and the mean lifetime 
and mobility of the carriers are regarded as inde- 
pendent of the sample operating conditions. The 
kinetic equation describing the time rate of change 
of the number of free carriers is then: 


dP 

— = G;+Gpg+Gsexp(iwt)—P/r (1) 

dt 
where P is the number of tree carriers, G; is the 
thermal equilibrium free carrier generation rate, 
Gz is the carrier generation rate due to the incident 
photon flux, Gs exp(iw) is the generation rate due 
to a small additional photon signal which is taken 
as sinusoidal in time to distinguish it from the 
background, and 7 is the mean carrier lifetime. 
Solution of this equation is straightforward and 
one finds: 


Gs exp [1w(t+7)] 
a oe (2) 
(1+ w?r?)1/2 
(Af)1/2 


— (Gp+G))4 pr 
Z2 (tarp! s 1) 4 


Tis the bias current and V the sample voltage; 7s 
and i» are respectively the equivalent short circuit 
signal and noise currents; Z is the length of the 
sample in the direction of current flow, which is 
regarded as perpendicular to the direction of 
incidence of the radiation. Since + is of the order 
of 10-® sec, wr < 1 at the frequencies at which 
measurements are usually made. The ratios of 
signal and noise currents to the d.c. bias current 
are simply: 

ts Gzg exp(twt) 


I Ge+G; 


I (Gp+G,)1/ 
These are particularly simply related to the carrier 
generation rates in the photoconductor. The noise 
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current represented in these equations is that due 
solely to carrier generation and recombination. 

At liquid helium temperatures the thermal 
equilibrium generation rate, G7, is negligible com- 
pared to that due to the incident background 
photon flux. Under these conditions, the properties 
of these photoconductors—at least when the model 
above applies—are determined by the external 
photon flux incident on the sample and by the 
mobility and recombination time. The observed 
behavior of these materials, as reported in the pre- 
vious Section, should then be explainable in terms 
of the dependence of carrier mobility and lifetime 
on photon flux and applied field. 

Before attempting such a discussion it is import- 
ant to ascertain that the properties observed are 
not due to some spurious effects. Two such 
possibilities that arise are heating of the sample 
and space charge effects. Calculations of the tem- 
perature rise to be expected for a sample mounted 
as in these experiments indicate that a heat input 
to the sample of 20 milliwatts would raise its tem- 
perature by 0-1°K. Reference to the current voltage 
curves will indicate that we are always operating 
within this limit. This is corroborated by one set 
of pulse measurements on zinc-doped germanium 
in which no deviation from the d.c. measurements 
was found until currents in the breakdown region 
were reached. It would be expected, though, that 
an increase in the aperture in the Dewar by a factor 
of more than two would lower the resistivity of the 
sample sufficiently that significant heating could 
breakdown field were 


reached. This was observed in one set of measure- 


occur before the critical 
ments made on a copper-doped germanium sample 
with the aperture shields removed. The expo- 
nential region did not extend to as high a field and 
the transition to the breakdown region was not 
sharp, as would be expected if the sample tem- 
perature increased significantly. 

Since the ohmic resistivity at 4-2°K of the 
photoconductor materials used in these experi- 
ments is of the order of 106 Q/cm it is possible 
that space charge currents might be observed in 
them. Using Rosr’s®) analysis for a trap free solid, 
it is found that the space charge currents become 
comparable with the ohmic current at voltages of 
10 V. However, the ionized impurity centers in the 
material would act as traps for any majority carriers 
injected from the electrodes and only a small 
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proportion of the injected carriers would remain 
free to conduct current. Such injected carriers 
would distribute themselves between conduction 
and ionized impurity states in the same ratio as 
do the carriers in the photoconductor, at least until 
the ionized impurity centers have become filled. 
For these photoconductors under the conditions 
of these experiments, the free carrier concentra- 
tion is of the order of 109/cm®, the ionized impurity 
concentration is therefore equal to the compen- 
sating impurity concentration of about 1014/cm% 
and the impurity concentration is of the order of 
1016/cm?. Consequently, only 10-7 of the injected 
space charge will be in conducting states and space 
charge currents should be negligible for all fields 
below breakdown. 

If, then, the current-voltage characteristics of 
these materials are to be interpreted in terms of the 
properties of the free carriers, the simple model 
suggests that it is necessary to find some mechan- 
ism whereby the mobility or the recombination 
time become functions of the applied electric field 
and the incident photon flux. Carrier heating 
effects provide such a mechanism. For a sample 
at 4-2°K even very small electric fields can produce 
a considerable increase in the mean kinetic energy 
of the free carriers.“4) A measurement of mobility 
as a function of field was carried out for copper- 
doped germanium, but on a bridge sample which 
had been electroded with indium alloy contacts 
and which was illuminated through glass Dewar 
walls, (i.e. The spectral distribution of the incident 
radiation was confined to photons of wavelength 
shorter than 3-5 microns and so was quite different, 
and at a much lower level, than in the case of the 
photoconductivity measurements.) The results of 
this measurement, which are not regarded as too 
reliable, were that the mobility remained constant 
for fields up to about 0-9 of the critical breakdown 
field and then fell off at a rate slightly greater than 
E-1, No information concerning the kinetic energy 
of the free carriers can be inferred from this par- 
ticular dependence of mobility on field, although 
it is not inconsistent with neutral impurity 
scattering for which the collision relaxation time 
is independent of carrier energy. The E~1 mobility 
dependence at high fields could be attributed to 
polar mode lattice scattering and would then lead 
to the conclusion that the mean kinetic energy was 
of the order of 400°K. 





RECOMBINATION PROCESSES 


Another estimate of the effective carrier tem- 
perature can be made by applying the result Lax) 
obtained in the theory of giant traps that the 
capture cross-section of an ionized impurity center 
for a free carrier varies as the inverse square of the 
mean kinetic energy. Assuming that mobility is 
independent of field, the increase in current with 
field in the photosensitive region of an impurity 
photoconductor is due to the increase of the re- 
combination time 7. In terms of the capture cross- 
section o, mean carrier velocity v, and density of 
ionized impurity centers, Np, the recombination 
time is t = (ovNp)“1 and so must vary as 7;3/?. 
From the I-V characteristics one finds that 7 near 
breakdown is approximately a factor of 20 greater 
than the low field ohmic value. This leads to an 
estimate of 32°K for the mean carrier temperature 
just preceding breakdown. 

Aside from the order of magnitude discrepancy 
between these two estimates of mean carrier tem- 
perature, there are reasons to suspect the validity 
of either of them. Bray, in studies of the field 
dependence of the mobility in p-type samples of 
germanium at temperatures where the impurity 
centers are completely ionized has found good 
agreement between experimental results and 
theoretical calculations which included 
impurity and acoustic mode scattering, but that 
inclusion of polar mode scattering introduced dis- 
crepancies. In addition, he found effective carrier 
temperatures rising to thousands of degrees, an 
order of magnitude greater than our highest 
estimate. The defect in the second estimate based 
on the change in the recombination time is that in 
the giant trap calculations of Lax, a sufficiently low 
density of ionized impurity centers is assumed so 
that it is not necessary to take into account a limit 
to the range of interaction of a carrier with a center 
due to the proximity of other centers. Despite the 
fact that significant carrier heating effects must 
be occurring, the data to date provides us with no 
adequate means for gaining some insight into this 
process. 

The magnitude of the recombination time 7 in 
the ohmic region is estimated at 10~® sec for the 
copper- and zinc-doped samples described in this 
paper. A mobility of 5 x 104 cm?/V sec, the value 
determined for the copper-doped sample, was 
used for this estimate. At fields close to breakdown 
7 is of the order of 2 x 10-8 sec. The general picture 
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of a recombination time varying with the mean 
kinetic energy of the free carriers is not sufficient 
to explain the variation of V, with incident photon 
flux. This was observed most strikingly in the 
zinc-doped sample and appeared to a much less 
marked extent in the copper-doped germanium. 
There is the possibility that it is not the magnitude 
of the photon flux, but its spectral distribution 
which is responsible for this effect. The mean 
kinetic energy of the carriers will depend on the 
initial states to which they are excited and the rate 
at which they are redistributed in momentum 
space as a result of scattering processes. In the 
simple model of the photoconductors, the tacit 
assumption is made that the time necessary for this 
redistribution is small compared to mean lifetime 
of the carriers and that, consequently, their initial 
distribution in energy immediately after excitation 
does not influence the steady state distribution. If 
this assumption is given up, then it is reasonable 
to assume that for any given field the mean kinetic 
energy of the carriers will be higher as the black- 
body temperature is increased, since the energy 
peak in the incident radiation moves to larger 
photon energies. It might also be expected that the 
relative effect of the field in heating the carriers 
would be diminished as their initial kinetic energy 
increased. This qualitatively accounts for an in- 


crease in the parameter V,, since larger Vy means 


a smaller change in 7 for a given increase in 
voltage. 


SUMMARY 

The objective of this paper has been to present 
the results of a group of experiments which were 
undertaken in the hope of shedding some light on 
the recombination processes in impurity photo- 
conductors. The principle finding reported here 
is the exponential current voltage dependence 
found for fields in the region where the photo- 
response, 7s//, is constant. The large current in- 
crease is attributed to a change in the recombina- 
tion time of free carriers with ionized impurity 
centers and the most likely mechanism for this is 
regarded as the heating of the free carrier distri- 
bution under the influence of the applied field. 
Unfortunately, a quantitative comparison with 
existing theories of hot carriers and trapping was 
not possible. Some of the phenomena observed 
raise the possibility of the carrier distribution 





166 GERALD 


depending on the spectral distribution of the inci- 


dent photon flux. 
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PHOTOCONDUCTIVITY RESEARCH ON Cu-Ge 


H. D. ADAMS, W. J. BEYEN and R. L. PETRITZ 


Texas Instruments, Incorporated 


Abstract—Photoconductivity and electrical phenomena associated with the 0-04 eV copper acceptor 
level in germanium have been examined. Experimental data giving the dependence of photosignal 
Is/I, noise In/IJAf}/2, and current on the applied electric field across the copper doped germanium fila- 
ment are presented for several copper concentrations. Hall mobility and carrier concentration were 
measured with the sample exposed to ambient radiation. The mobility and carrier concentration 
data are given as a function of applied field in an effort to correlate the photoconductivity and JE 


measurements. 


1. INTRODUCTION 


Tuis work attempts to bring together the necessary 
experimental data for analysis of field effects on 
optical processes in p-type germanium at low 
temperatures. Copper-doped germanium was 
chosen for study, since experimental parameters 
are easily controlled and the 0-04 eV acceptor level 
is typical of the levels of interest. Initially, only 
photosignal, noise, and JE measurements were 
made. An immediate discrepancy with theory" 2) 
arose in connection with the noise and current de- 
pendence on applied field. Subsequent Hall 
measurements with 300°K background illumina- 
tion gave results which allow a degree of interpre- 
tation of the optical and electrical data; however, 
a theoretical analysis is, for the present, lacking. 


2. SAMPLE PREPARATION 

Samples of >40 Q/cm n-type germanium 
grown with 111 crystal orientation were plated 
with copper and diffused at temperatures sufficient 
to obtain desired copper concentrations. Table 1 
shows the pertinent data before and after diffusion 
for representative filaments. 

All cold work was removed from the samples by 
etching in CP-4. Alloyed contacts of pure indium 
were used, and each sample was soldered directly 
to a copper block. The block was subsequently 
placed in intimate contact with a liquid helium 
heat sink for evaluation. All contacts were ohmic 
to within better than 1 per cent, as evidenced by 
four point probe measurements. 


3. ELECTRICAL MEASUREMENTS* 

Current vs. applied electric field 

The current vs. applied-electric-field character- 
istic of a number of copper-doped germanium 
filaments at a temperature of ~ 5°K was deter- 
mined. Three measurements were made on each 
sample listed in Table 1, two with varying amounts 
of ambient background radiation and a third dark 
measurement with the sample in thermal equilib- 
rium at ~ 5°K. A cesium iodide window in the 
liquid helium Dewar was used to admit radiation 
in the spectral region of interest. The amount of 
ambient background radiation was limited by a 
liquid nitrogen temperature aperture. The amount 
of background radiation absorbed per second is 
designated as G, and defined as 


Ao 


2nc 
- [ech ART Rg — 1] 1 dy 


n(A)ena(A, Tze) ov 
(1) 


and 


Fa TwA(l —_ R) (1 — ¢ 9) 
nA) = — ~~ 


where F is rate of incident photons for restricted 
aperture/rate of incident photons for 27 steradian 
aperture; 

Tw, transmittance of the window; 


* For a review of the experimental and theoretical 
situation of field effects in germanium, see Ref. 3. 
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Table 1. Copper concentration, Hall mobility, resistivity and residual donor concentration. All 
measurements at 300°K 


Copper 
concentration 
(x 1015 cm) 


Diffusion 
temperature 


(°C) 


Sample 


LH p Residual 


(cm?/V/sec) (Q/cm) donors 





4A 
4C 
5A 
5C 
6C 


oninisny sl 
VIWwW Ws] 


— 
on eo 


R, reflection coefficient; 

x, absorption coefficient for photons giving rise 
to impurity ionization based on Ref. 4 was 
taken as 5x10-!%cm?, multiplied by the 
copper concentration; 

x, length of sample; 

A, area of sample; 

Tzc, temperature of background; 

epg (A, T), emissivity of background; and 

Ao, long wavelength cutoff of photons capable of 
ionizing 0-04 eV copper level. 


For the dark measurements the samples were 
shielded from radiation by a liquid helium tem- 
perature cap. All samples were approximately 
2mm cubes, and current flow was perpendicular 
to incident radiation. 
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Fic. 1. Current vs. applied electric field. Sample 4A. 
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Detailed features of the d.c. J vs. E curves for 
low copper concentrations, (< 2 x 1045 cm~%), are 
given in Fig. 1. No current breakdown takes place 
for fields as high as 200 V/cm for the light measure- 
ments. Only a few points were taken in the dark 
condition; however, the current starts into break- 
down at 400 V/cm. There are three different field 
dependencies of current with no ohmic behavior 
observed for even the lowest fields considered. 

Figure 2 illustrates the JE behavior for higher 


copper concentrations. (> 7x10!5cm-%). It 
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Fic. 2. Current vs. applied electric field. Sample 5C. 


should be noted that the change in G; from sample 
4A to sample 5C is due only to the change in 
absorption coefficient, since identical background 
restricting apertures were used for all samples. 
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Again, three distinct regions are observed. At low 
fields, ie. under 7 V/cm, the sample appears 
ohmic, with the current becoming at intermediate 
fields dependent on £%/2 and at 100 V/cm pro- 
portional to E”, with ~ 2. Mention should be 
made of possible thermal effects on the shape of 
the JE curves. If the hole concentration at constant 
field is assumed to be proportional to current, the 
curves indicate that the carrier concentration in 
the light condition is at least an order of magnitude 
greater than that at thermal equilibrium (dark case). 
Thus, the measurements made under light con- 
ditions involve optically rather than thermally 
generated carriers. 

In summary, all samples exhibit three regions of 
current behavior with applied field in the field 
region explored. The current behavior is inde- 
pendent of background radiation excitation rate 
in a given sample, but varies between samples 
depending on the copper concentration. 


Hall and resistivity measurements 

Hall coefficient and resistivity were measured 
at ~ 5°K. Hall mobility and carrier concentration 
were calculated using the normal Ohm’s law based 
formulae, for two samples chosen to correspond 
with copper concentrations having distinctly 
different JE characteristics. While there is an 
obvious question of the validity of the ohmic 
assumption in the present case, the error intro- 
duced appears to be insufficient to explain the 
observed behavior. The Hall samples were 
mounted on a copper heat sink so that one edge was 
exposed to ambient radiation. The experimental 
condition of the JE and _photoconductivity 
measurements was closely reproduced for the Hall 
measurements in respect to copper concentration. 
The background excitation rate was 2x 1016 
photons/sec for both samples. 

Figure 3 shows the hole concentration for the 
two samples as a function of applied field. In both 
cases the concentration increases superlinearly 
with applied field. Note however, that the magni- 
tude of carrier increase is less for the more lightly 
doped sample and, in fact, appears to level off at a 
field of about 30 V/cm. 

Figure 4 shows the Hall mobility vs. applied 
electric field. For the lower copper concentration 
value, sample 4AH, mobility is constant up to 
6 V/cm and then becomes proportional to E-!/2. 
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Fic. 3. Hole concentration vs. applied electric field. 


Sample 5AH, with approximately 5 times the 


copper concentration, has a mobility which begins 
to deviate from a constant value at about 3 V/cm. 


4. PHOTOCONDUCTIVITY MEASUREMENTS 

Both blackbody photosignal and relative spectral 
response of the copper-doped germanium were 
measured with the samples at ~ 5°K. Figure 5 
gives the relative spectral response of the 0-04 eV 
copper level in germanium. The data have been 
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Fic. 5. Relative photosignal vs. wavelength. 


smoothed but do correlate the 0-04eV copper 
level.(4) The slight hump at 6-5 . was present for 
all samples measured. 

Dimensionless photosignal, /,/7, and dimension- 
less noise, J,/JAf1/2, were measured for the 
samples listed in Table 1. Mechanically chopped 
500°K blackbody radiation was used to generate 


a small change, AR, in the sample resistance. The 
a.c. voltage appearing across a biased series load 
resistor may then be expressed as 


Vs = TRacRt (Ract+ Rr) (ARac Rac)s (3) 
where R_, is load resistance and 
Rac is a.c. impedance of the sample given by 
1/Rac = 1/Racdk1—V/Rac dRac/dV) (4) 


In terms of a constant current signal generator 


 F — I(ARac Rac)s; (5) 


I,/1 = (ARae Rac)s (6) 


Similarly, for the unit bandwidth noise when no 
signal radiation is incident 


In/TAf'/? = (ARac/Rac)n 1/Af}/ (7) 


where Af is noise bandwidth of the measurement 
equipment. 

Figure 6 shows photosignal and noise vs. applied 
electric field with two different rates of background 
excitation. These data may be directly correlated 
with Fig. 1, since the measurements were made 
simultaneously. The ratios J;/J and J,/JAf1/2 are 
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absolute in that all circuit parameters have been 
removed. G; relates to the theoretical amount of 
signal radiation absorbed by the sample and is 
given by 


a 2nc 
x | n(A)epa(A, T Bp) get [e"/ART pp—1]-1 dd (8) 


0 


where eg is emissivity of blackbody and Tz3, tem- 
perature of blackbody. 

For all copper concentrations photosignal is 
essentially constant with field; however, the noise 
decreases with increasing field, approaching at 
high fields the value expected from the photon 
fluctuation present in the incident background 
radiation. The JOHNSON—-NYQUIST noise com- 
ponent is essentially due to the series load resistor 
and is less by an order of magnitude than any of 
the measured values. The noise values given in 
Fig. 6 were taken at 1000 c/s, a relatively flat re- 
gion of the noise frequency spectrum. J;,/JAf1/2 vs. 
frequency at high field is given in Fig. 7; this data 
is typical of that taken at all fields with 1/f noise 
becoming negligible at frequencies over 100 c/s. 

There is interest in the effect of copper concen- 
tration on photosignal and noise. The notation 
G, F/, in Fig. 8 is a measure of the photon flux 
density at the sample, and not of the number of 
photons absorbed. The points given in Fig. 8 
summarize the photosignal and noise measure- 
ments made on all samples of Table 1 for two 
background excitation rates. The noise values were 
taken at an applied field of 50 V/cm and a fre- 
quency of 1000 c/s. 


5. DISCUSSION 

The experimental investigations have estab- 
lished the following. 

(1) The current-voltage characteristic of copper 
(0-04 eV acceptor level) doped germanium is a 
non-ohmic bulk phenomenon. Samples having 
the heavier doping (> 7x10/cm*) showed 
apparent ohmic behavior for fields less than about 
10 V/cm, when exposed to 300°K radiation. The 
current—applied field plots for various dopings are 
similar in that all display superlinear dependence 
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Fic. 7. Noise vs. frequency. 
of current on field; however, the degree of de- 


pendence is not identical when the samples are 
exposed to 300°K radiation. Comparisons for the 


dark situation are not wholly conclusive; the data 
for higher fields appear to indicate similar be- 
havior for the various dopings. 
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Fic. 8. Photosignal and noise vs. copper concentration. 


(2) Hall data indicate apparent carrier multipli- 
cation does occur with increasing field. The effect 
is greater in the more heavily doped samples. 
Deviations in derived Hall mobility also occur, the 
mobility decreasing with increasing field. 

(3) Dimensionless photosignal (fractional change 
in conductance for small irradiance) is constant 
with applied field. Dimensionless noise, expressed 
similarly, shows a contrasting behavior, decreasing 
approximately as E-” (4 < n < 1) for low fields. 
As a lower limit, at high fields the noise approaches 
the value dictated by photon fluctuations in the 
incident radiation. The measured all 
cases was greater by at least an order of magnitude 
than the JoHNsON—NyYQUIST component. 

Several points merit detailed discussion. The 


noise in 


apparent ohmicity of the heavier doped samples 
at fields less than 10 V/cm is only apparent; 
reference to the Hall data indicates that the effects 
of a decreasing mobility and a carrier multiplica- 
tion process tend to offset each other in this field 
region. Mobility is constant for low fields for the 
more lightly doped samples, and as a result, the 
consequences of carrier multiplication are immedi- 
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ately exhibited by the current—applied field charac- 
teristic. Examination of the Hall data indicates 
that at fields below 10 V/cm, the carrier multiplica- 
tion process is very similar for both sample types. 
At higher fields the effects of carrier multiplication 
are more pronounced for heavier doping. 

We are not prepared, at present, to present a 
model for the non-ohmic behavior of copper-doped 
germanium but would like to mention several 
factors which require consideration before a 
mechanism could be established. First, the weight- 
ing of the Boltzmann factor is equivalent to that 
received by a 1-5-3 eV band-gap semiconductor 
at room temperature. Since space charge effects 
are common in this type of insulating semicon- 
ductor, they should receive consideration in the 
present instance. Note, however, that because of 
the high mobilities, resistivities for the copper- 
doped germanium are orders of magnitude less 
than for insulating semiconductors. Second, 
carrier lifetime, as estimated from carrier concen- 
trations in radiation exposed samples at low fields, 
is approximately 10-8 sec. The dielectric relaxation 
time at zero field is one order of magnitude greater, 
or about 10-’ sec. For our samples, the transit 
time becomes equal to the zero field dielectric 
relaxation time at a field of about 50 V/cm. Third, 
whatever the process involved in the non-linear 
current-voltage characteristic of copper-doped 
germanium it must account for the decrease in 
noise with increasing field. Particularly, it must 
account for a non-JOHNSON—NyYQUIST white noise 
that is well over an order of magnitude greater 
than generation—recombination noise induced by 
the radiation field at lower electric fields, but which 
approaches this limiting noise at higher electric 
field strengths. 
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PHOTO-HALL EFFECTS IN PHOTOCONDUCTORS* 
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Abstract.—Measurements of Hall mobility as a function of light excitation intensity at room 
temperature have shown a dependence of Hall mobility on intensity in single crystals of CdS, 
CdSe, GaAs, InP, and Si. Such a variation of Hall mobility under photoexcitation can result either 
from (1) a change in the microscopic mobility for single-carrier conductivity, or (2) the initiation of 
two-carrier conductivity. The recognition of the existence of these effects through photo-Hall 
measurements is essential for the interpretation of photoelectronic measurements, since simple 
measurements of conductivity or photoconductivity usually fail to reveal them. Results involving a 
change in microscopic mobility through photoexcitation indicate a change in scattering associated 
with the neutralization of charge in centers with an effective scattering cross-section of about 
10-19 cm?. A number of other effects resulting from the initiation of two-carrier conductivity have 


also been explored. 


INTRODUCTION 

THE variation of Hall mobility with photoexcitation 
intensity has been previously reported for Ge and 
Si™), CdS®), and GaAs®), when photoexcitation 
produces a change in the scattering by neutraliza- 
tion of charged centers. The variation of Hall 
mobility with photoexcitation which initiates 
two-carrier conductivity has been described for 
Ge and Si4-®), CdS), and GaAs®), This paper 
summarizes results of this type and reports 
additional measurements which aid in the inter- 
pretation of the phenomena. 


SCATTERING CROSS-SECTIONS 
It has been previously pointed out) that the 
scattering cross-section of a Coulomb center is 
given to within a factor of order unity by the 
expression : 


10-19Z2 £30072 
ee —| cm2 (1) 


9 a al 
e* 


where Z is the number of charges on the center 
and ¢ is the dielectric constant, regardless of 
whether the cross-section is calculated by simply 
equating the Coulomb energy to k7’, from the 
Conwell—Weisskopf) equation for impurity 

* The research reported in this paper was sponsored 
in part by the Office of Aerospace Research, United 
States Air Force. 
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scattering, or from the Brooks—Herring) equation 
for impurity scattering. At room temperature, 
therefore, with « = 10, S = 10-1222 cm?. 


SINGLE-CARRIER HALL EFFECT 

When the conductivity is dominated by carriers 
of one type: the conductivity o = neu, where n 
is the density of free carriers, and pz their mobility; 
the Hall constant R = K/ne, where K is a constant 
between 1 and 2 depending on the scattering 
mechanism and the band structure; and the Hall 
mobility wx = oR = Ku. The variation of Hall 
mobility with photoexcitation can be expressed: 


dK 
anata 


dL dL 


dun 


du 


2 
dL “i 
The term involving the variation of K with L 
can be neglected for present purposes; not only 
is the variation less than a factor of 2 for complete 
changeover from impurity-dominated to phonon- 
dominated scattering), but the sign of the 
variation is in the wrong direction, i.e. K decreases 
with Z under these conditions. The variation of u 
with Z can be illustrated by the simple case where 
photoexcitation raises the Fermi-level to fill 
positively charged centers and hence greatly 
reduce their scattering. Other related cases have 
been previously described."?) The variation of u 
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with LZ can be derived from the relation: 


] ae 1 


+08,(N.—n.)| (3) 
A é 

where 300 m*/e is the proportionality factor 
between 1/4 and 1/7, 7 being the time between 
scatterings, v = (2kT/m*)1/2 is the thermal 
velocity of an electron, S; is the scattering cross- 
section of the positively charged centers, N+ is 
the density of imperfection centers, and n+ is the 
density of electrons in imperfection centers. The 
proper form for the addition of mobilities is also 
dependent on the type of scattering dominant, 
but a change in this form with photoexcitation 
also cannot explain the observed variation of 
mobility, since the maximum correction factor is 
about 30 per cent. 10) 

The first term on the right of equation (3) 
includes all scattering processes not involved in 
the motion of the Fermi-level through the levels 
described by the second term. The variation of the 
second term as a function of the location of the 
Fermi-level is given by: 

N; 


mescmeemecvmmncancene GQ) 
1+2 exp[(E.—Eyn)/kT] 


(Ni—n4) = 


where E, is the energy difference between the 
bottom of the conduction band and the imper- 
fection level, and Ey, is the energy difference 
between the bottom of the conduction band and 
the electron Fermi-level, both positive quantities. 
As Eyn varies from much greater than £, to much 
less than E,, 1/4 passes through a single “‘step’’. 
The change in 1/y in this step, A(1/z), is given 
from equation (3) by: 


A(1/:) = 104m*1/271/28,.N, (5) 


From the variation of 1/u with Eyp, it is therefore 
possible to determine both the energy level of the 
scattering centers and the product of scattering 
cross-section and density. If the value of Ns can 
be determined independently, as by knowing the 
density of impurities present or from the analysis 
of thermally stimulated current curves, a value for 
S.. can be calculated.* 


* Since both electrons and holes are generated by 
photoexcitation, the cross-section calculated corresponds 
to the net change in scattering caused by the capture of 
both electrons and holes. 
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TWO-CARRIER HALL EFFECT 
When both carriers are making an appreciable 
contribution to the conductivity, the measured 
Hall constant R is given by: 


2 — my? 
a= —_— (6) 
e( Pip + Mn)” 


if we assume, as we do in the rest of this paper, 
that the appropriate K’s may be taken equal to 
unity. Since for two-carrier conductivity, 
o = pept+neun, the Hall mobility uy = oR is 
given by: 
a 
Pp nye, 
py = — (7) 
Pept Mun 
Thus py goes to zero when pus = np2, with R 
changing sign as this point is traversed. 


PHOTO-HALL EFFECTS IN GALLIUM 
ARSENIDE 

A variety of single carrier and two-carrier effects 
have been observed through measurements of 
photo-Hall effect in high-resistivity GaAs. 11) 
Fig. 1(a) shows a typical single step in 1/uy as a 
function of Fermi-level position, as varied by 
photoexcitation, for a sample of n-type GaAs. 
It is shown that the experimental points can be 
fitted with a calculated curve derived from 
equations (3) and (4), if values of 79 and SiN 
are chosen properly. The value of £.. obtained from 
Fig. 1(a) agrees within 0-01eV with the value 
determined for a trapping level in the same 
sample by measurements of thermally stimulated 
current. Knowing the trap density from the 
thermally stimulated current data, a value for S, 
of 3x 10-11 cm? is calculated. The data for this 
crystal (GaAs 58) and other crystals of CdS, CdSe, 
and InP are summarized in Table 1. 

If band-gap radiation is used to excite high- 
resistivity p-type GaAs, it might be expected that 
a change in sign of R would occur with increasing 
excitation intensity, because of the higher electron 
mobility. Such effects have been measured and 
are shown in Fig. 1(c). If, however, there are many 
deep electron traps in p-type GaAs, band-gap 
radiation may merely serve to increase the hole 
mobility with no change in the sign of R; photo- 
excited electrons are trapped and remove the 
charge of the trapping centers. Effects of this 
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Fic. 1. Photo-Hall effects in GaAs crystals. (a) 1/uy as a function of Eyn, as varied by 
photoexcitation, in n-type GaAs. Experimental points are compared with theoretical 
curve calculated from equations (3) and (4), with scattering cross-section of 3 x 10-14 cm?. 
(b) 1/ux# as a function of Eyp, as varied by photoexcitation, in p-type GaAs containing a 
high density of electron traps. (c) Change in conductivity type caused by photoexcitation 
of p-type GaAs. (d) Double reversal of conductivity type caused by photoexcitation of 
n-type GaAs containing a high density of electron traps unfilled in the dark. 


type are shown for two different crystals in Fig. 
1(b). Finally, if a crystal of high-resistivity n-type 
GaAs has a high density of electron traps lying 
above the Fermi-level in the dark, band-gap 
photoexcitation first shifts the conductivity to 
p-type as photo-excited electrons are trapped but 
photoexcited holes are free to conduct; finally 
as the intensity is increased still further to provide 
approximately equal densities of electrons and 
holes, the conductivity once more becomes n-type. 
Such an effect is illustrated in Fig. 1(d). 


PHOTO-HALL EFFECTS IN CADMIUM SULFIDE 

Photo-Hall effects similar to those shown in 
Fig. 1(a) for GaAs, are also common in CdS crys- 
tals. Fig. 2(a) shows such an effect in a typical 
crystal with indications of the maximum spread in 


the data for the four possible ways of calculating uz 
from probe voltages V34 and V5¢, and Hall voltages 
V35 and V4g. No obvious effects from inhomo- 
geneities in the crystal are detected. The same 
data are replotted as 1/uy v. Eyn in Fig. 2(b). The 
actual variation of photocurrent Az, carrier density 
n, and Hall mobility uy, with light intensity are 
indicated in Fig. 2(c). The energy level F; associ- 
ated with the mobility change shown in Fig. 2(b) 
is 0:34 eV. The location of the Fermi-level for the 
break in the curves of Ai and nv. L from slopes 
near 0-8 to slopes near 0-4 is 0-32 eV. The change 
in the role of centers with levels at 0:34 eV from 
trapping centers to recombination centers as the 
Fermi-level rises through them, can account for 
the observed change in slope. At low lights 
we have positively charged electron traps which 
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Table 1. Summary of variation of Hall mobility with photoexcitation 


Type of A(1/z) v. Exn 


Energy level, eV 





From HH)]L 


Crystal a Complete Partial Anomal- From _ thermally NS, cm-1 Nt, cm-3 
Material no. Type step step* ous A(1/“) stimulated pyya 


CdS 


CdS 
CdS 
CdSe 
CdSe 


GaAs 


GaAs 
GaAs 
GaAs 
GaAs:Cu 
GaAs:Cu 
GaAs:Cu 


InP:Cu 340-1 xX 


current 


1015 
% 1015 
x 1015 


1015 % 10-10 
1016 x 10-12 


x 1016 x10- 
1014 x10-H 


51, 0-62 3°5 v4 1016 % 10-19 


* In certain cases, the measured range was sufficient to reveal only part of the step. The NzS product was estimated 
from the slope of the rising portion of the step. 


scatter effectively, whereas at high lights we 
have neutral centers which act as efficient 
recombination centers, decreasing the photo- 
sensitivity. 

A variation of uy with L has also been observed 
for a CdS sintered layer, as shown in Fig. 3(a). 
Here a monotonic variation of wy is found with 
varying light intensity, instead of a “‘steep”’ vari- 
ation as in single crystals. This is consistent with 
the observation that trap densities in sintered layers 
of CdS and CdSe are monotonic functions of trap 


depth, (12, 13) 


The results of a measurement of wy during the 
process of infrared quenching in CdS are shown 
in Fig. 3(b). A much larger decrease in py re- 
sults when the conductivity of the crystal is de- 
creased by incerasing the intensity of incident infra- 
red radiation in the presence of a fixed intensity of 
5170 A radiation, than when the conductivity is 
decreased by decreasing the intensity of the 
5170 A radiation alone. The additional decrease 
in px is attributed to the effect of the holes freed 
by the infrared in the quenching process4) in 
initiating two-carrier conductivity. 
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Fic. 2. Photo-Hall effects in CdS crystals. (a) Hall mobility as a function of electron density, 

as varied by photoexcitation. The dispersion around the indicated points shows the variation 

of the calculated nx depending on which set of probes are used to determine conductivity and 

Hall constant. (b) Data of (a) plotted as 1/u as a function of Fyn. (c) Dependence of photo- 

current Ai, electron density n, and Hall mobility uz, on light intensity, for the same sample 
as (a) and (b). 


PHOTO-HALL EFFECTS IN SILICON 

Measurements on a high-resistivity p-type Si 
crystal at room temperature are summarized in 
Figs. 3(c) and 3(d). The contacts (indium) on the 
crystal were such that carrier injection occurred 
with one direction of applied field and therefore 
the sign of R changed with increasing field as 
electrons were injected, as shown in Fig. 3(c). On 
the other hand, if the applied field were kept small 
to minimize injection effects or if the field were 
applied in the opposite direction, the sign of R 
could be observed to change upon photo-excitation 
as shown in Fig. 3(d), because the electron mobility 
is higher than the hole mobility. A good fit can 
be made to the curve of Fig. 3(c) by combining the 
excess injected current data with the Hall data. 

The value of wy in high-resistivity n-type Si 


N 


crystals decreases under photoexcitation, as 
indicated in Fig. 3(e). This decrease probably 
results from the change of jz from py in the dark to 
the intrinsic yz under equal electron and hole 
densities. 


ANOMALOUS PHOTO-HALL EFFECTS 

Figure 4 shows two cases of a much larger 
variation of Hall mobility with photoexcitation 
intensity, as has been occasionally measured. 
Whereas the variation in Hall mobility is generally 
not more than a factor of 3 for crystals exhibiting 
a single step in wz v. L, the Hall mobility in these 
crystals of CdSe and InP varies by factors as high 
as 30 with photoexcitation (see column 9 of 
Table 1). The data of Fig. 4 indicate that the 
variations observed are not particularly affected by 
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Fic. 3. (a) 1/uy as a function of Eyn, as varied by photoexcitation, for a sintered layer of CdS. 
(b) Hall mobility as a function of the per cent of initial current remaining, both as the current 
is decreased by decreasing the intensity of 5170 A radiation alone, and as the current is decreased 
by increasing the intensity of infrared radiation at fixed 5170 A radiation. (c) Change in conduc- 
tivity type caused in high-resistivity p-type Si by electrical injection of electrons in the dark; 
electrode spacing was 0-5 cm. (d) Change in conductivity type caused in high-resistivity p-type 
Si by optical excitation. (e) Dependence of zx on conductivity in high-resistivity n-type Si, as 
the conductivity is increased by photo-excitation, initiating two-carrier conductivity. 


the wavelength of the light used, or by the 
particular portion of the crystal which is measured. 
It should be noted that measurements of Az for 
the CdSe crystal of Fig. 4(a), for example, show a 
completely linear dependence on L over a whole 
range of the measurements, some five orders of 
magnitude of excitation intensity. 

There 
crystal orientation in CdS and CdSe and the type 
of mobility variation with photoexcitation ob- 
served. For applied field perpendicular to the 
c-axis, a “‘step”’ variation is generally found; for 


is evidence of a correlation between 


applied field parallel to the c-axis an ‘‘anomalous”’ 
variation is generally found. It may be noted that 


the preferred orientation of dislocations in these 
materials is perpendicular to the c-axis. 


DISCUSSION 

The phenomena involving two-carrier conduc- 
tivity effects seem to be reasonably well under- 
stood. On the other hand, for cases of single-carrier 
conductivity, the principal quantitative problem is 
the magnitude of the scattering cross-sections 
calculated from A(1/u7) v. Eyn (see final column 
of Table 1), which is some two orders of magnitude 
greater than that expected for a Coulomb center 
with unit charge. 

A number of consistent patterns in the data of 
Table 1 can be pointed out. (1) the mobility data 
point consistently to the same trap depths: 
0-35, 0-45, and 0-54 eV in CdS; 0-51 and 0-61 eV 
in GaAs. These are the same levels which have 
been independently detected as donors, or as 
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Fig. 4. Anomalously large variations of Hall mobility with photoexcitation. 

(a) Crystal of CdSe, excited with various wavelengths. (b) Crystal of InP, 

the two curves being for two ways of calculating the Hall mobility from the 
possible combinations of conductivity and Hall constant. 


electron trapping centers when compensated. 
(2) Whenever check measurements on trap depth 
from thermally stimulated current have been 
possible, a close correlation has been found 
between the trap depth indicated by the mobility 
data and that indicated by the thermally stimulated 
current. (3) The product S,N+ lies between 10° 
to 10’ cm~!. For a Coulomb S, of 10-12 cm?2, this 
calls for values of N. between 101? and 1019 cm-®, 
Whenever the value of N; has been measured 
independently, it has been found to lie in the more 


reasonable range of 104 to 10!6cm-%. Such 
magnitudes of trap density have been confirmed 
by space-charge-limited current data on similar 
crystals. The evidence supports an effective S; 
of about 10-19 cm?. (4) A comparison of data in 
Table 1 for crystals of GaAs, 52-2 and 58, show 
that measured trap densities and measured S;N+ 
products are exactly such as to give the same value 
for S;, even though the trap densities are two 
orders of magnitude less in crystal 58 than in 


52-2. 
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It has been shown experimentally that the effects 
observed are not detectably dependent upon wave- 
length of excitation, position of measuring contacts, 
surface effects, magnitude of applied electric field, 
or magnitude of applied magnetic field. The 
analysis of several models involving macroscopic 
inhomogeneities in the form of regions of different 
conductivity show that yy < yw in the dark can be 
obtained only when the Hall constant is determined 
by measurement in a high-conductivity region and 
the conductivity is determined by current limita- 
tion by a low-conductivity region. In these cases, 
a variation of zy and R with L will occur only if 
the photosensitivity is somewhat higher in the 
high-conductivity regions than in the low, but by 
a factor less than the conductivity ratio. Even if 
this assumption is made, the shape of the resultant 
fu V.n curve calculated in a typical case does not 
give a “‘step”’ behavior. 


The most likely explanation of the large 


scattering cross-sections observed is the existence 


of aggregates of charged centers, giving rise to 
space-charge regions in the crystal. The observa- 
tion from ‘Table 1 that N;S3/2 > 1 in many cases 
indicates that aggregates do have 
spherical symmetry. This conclusion is consistent 
with the apparent effects of crystal orientation on 
the form of the mobility variation. Measurements 


such not 
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of temperature dependence should provide critical 
data for further understanding of the phenomenon. 
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PHOTO-HALL EFFECT IN CdSe SINTERED 
PHOTOCONDUCTORS 


A. B. FOWLER 
IBM Research Center, Yorktown Heights, New York 


Abstract.—Measurements of the photo-Hall effect in sintered layers of CdSe were made. The 
mobility was found to vary as the 0:15 to the 0-49 power of the density of carriers per unit area 
depending on the sample and the temperature. Measurements of the mobility as a function of wave 
length indicate that the carriers do not appreciably diffuse away from the surface and there is 
evidence that some of the decrease of the photoresponse on the short wave length side of the ab- 
sorption edge is due to a change in mobility, possibly resulting from surface scattering. 


INTRODUCTION 

Ir HAs been proposed in the past by many workers 
that the effective mobility of charge carriers in 
polycrystalline photoconductors may vary with 
illuminating intensity if the conductivity is limited 
by intergranular barriers and if the height of these 
barriers is modulated by the light. Perrirz") has 
proposed a model in which the current through 
the barrier is treated as a diode current and after 
simplication for the case of small fields across the 
barrier the effective mobility is given by 


kT 


M o( ~ed ) 


* ' 
a ae 
where M is a transmission parameter, N is the 
density of particles per unit length, and ¢ is the 
barrier height. Thus if illumination depresses the 
barrier, an increase in mobility could result up 
to the point that the barriers are completely 
depressed and the mobility limited only by scatter- 
ing within the particles. The variation of ¢ with 
illumination might be expected to depend on the 
nature of the barrier—that is on whether it is an 
oxide layer or an inverted region resulting from a 
high density of acceptor or donor states at the 
particle interfaces. If the latter were the case, the 
light dependence of the barrier height would 
depend on the nature of the interface states and 
also on the kinetics of recombination within the 
particle. The electron and hole cross-sections, 
energy levels, and densities of both particle and 
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interparticle states would govern the dependence 
of the barrier height in a rather complicated 
way. 

The effect of barrier modulation might be 
expected to disappear in samples subjected to 
voltages high enough to “‘wash out’’ the barriers 
as in the case reported by Buse®) for powders. 
However, at such voltages where the true particle 
mobility might be expected to be seen, heating of 
the carriers and other thermal effects would 
complicate the results. In measurements, it is 
necessary to be careful that the applied voltages 
are low enough so that the current-voltage 
characteristics are linear. 

In fact no dependence of mobility on illumina- 
tion was found by Woops) or by SNOWDEN and 
Portis) who confirmed Woods’ result in PbS. 
Dependence of mobility on illumination has been 
found in several materials in single crystals includ- 
ing CdS and CdSe by Buse and MacDonatp"™), 
This effect results however from the filling of ion- 
ized impurity scattering centers. It is quite pos- 
sible that such an effect could occur in sintered 
layers as well. However, if such were the case, a 
series of plateaus, perhaps smeared out, should be 
observed as they are in the single crystals. 


EXPERIMENTAL TECHNIQUES 
Hall measurements were carried out on sintered 
layers of CdSe deposited on alundum plates and 
doped with 100 p.p.m. of copper. The samples 
measured 8x3 mm and were about 60 pw thick. 
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Fic. 1. Measuring circuit for a.c. Van der Pauw measurements. The circuit is shown 
for measurement of Ri234. The switches for Re314 and Rise4 are not shown. 


The particles were about 10-20 y» in their largest 
dimension. Four electrodes were made with an 
indium amalgam as near the center of each edge 
as possible. VAN DER Pauw‘) has shown that the 
resistivity of a sample of uniform thickness is given 
by 

7 Rio34+ Rogai)df 


2 In 2 


where Rj934 is the ratio of the voltage across 
terminals 3 and 4 to the current passed through 
terminals 1 and 2, Reg4) is a similar ratio with the 
leads permuted, d is the thickness of the sample, 
and f is a correction factor equal to one if Rj234 
is equal to Regq;. The Hall mobility, wy = Ro, 
is given by 
AR}324108 
m  (Ri234+ Re3a1)H 


where ARj394 is the change in Rjg94, defined in a 
manner similar to the above when a magnetic 
field, H, is applied. As d is not known in general 
in photo-Hall effect measurements, the resistivity 
may not be determined but p/d or od may. The 
latter is proportional to a surface density (charge 
density/unit area), of charge v, and because the 
mobility is known to within the factor of the ratio, 
r, of the Hall to the conductivity mobility v may 
be determined. Whether r is 3z/8 or some other 
value is not known but it should be a constant 
at any given temperature and not vary much 
under any circumstances. 


It was found convenient to use an a.c. variation 
of the Van der Pauw measurement although the 
results were checked with a d.c. technique. Most 
measurements were made at 20c/s using the 
circuit shown in Fig. 1. The appropriate re- 
sistance, Rj;;1, was measured using a substitution 
method by setting the voltage drop across the 
Helipots equal to that across the appropriate 
electrodes. For Hall measurements, the IR drop 
across terminals 2 and 4 was bucked out using the 
phase shifter and amplifier. This system has the 
advantages of all a.c. Hall measurements, e.g. 
elimination of thermal effects and by use of a 
narrow band detector, reduction of noise—com- 
bined with rapidity of measurement, flexibility 
of electroding, and the possibility of the internal 
checks resulting from reciprocity relationships 
in the Van der Pauw method. It is however 
limited to samples with impedances of the order 
of 108 ohms or less by capacitive shorting of the 
sample. 

The measurements were carried out in a Dewar 
under a vacuum of about 0-1 «4. Temperature was 
measured with a copper-constantan thermocouple 
pressed against the front face of the sample plate 
but not exposed to the illumination. The samples 
were illuminated with a tungsten source through 
a grating monochromator. No exact measurement 
of the light intensity was made but a rough 
calibration was made using a Hoffman silicon 
photocell. The light intensity was varied by using 
calibrated neutral screen filters. 
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Fic. 2. Dependence of surface density of carriers on light intensity for sample 738-7 at different 


temperatures. @ 294°K, O 308°K, A 208°K, 


OBSERVATIONS 

Measurements in each sample were found to be 
reproducible, but wide variation was found from 
sample to sample. In all measurements here 
described voltages were kept low enough so that 
no nonlinear effects were seen. Checks were made 
for the internal consistency of the Van der Pauw 
relationships and the data presented were 
satisfactory. Dependence on frequency within the 
range of 10 to 200 c/s was not found. In all samples 
studied the principal current carriers were 
electrons. 


\ 104°K, 165°K. 

Of the samples studied two representative ones 
will be discussed in some detail. The first, 738-7, 
was studied in a region where the conductance 
depended in a superlinear fashion on the illumin- 
ating intensity. The second, 738-79, was sublinear. 

In Figs. 2 and 3 the dependence of the surface 


density of carriers, v, on intensity, Z, and of the 
Hall mobility on the carrier density are shown for 
sample 738-7. It may be seen that at room 
temperature the carrier density was directly 
proportional to the light intensity, which means 
that the free carrier lifetime, 7, was constant 
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. 104°K, 


(about 3 msec). However, the mobility was 
proportional to the 0-15 power of the number of 
carriers. Therefore, the conductance varied as 
the 1-25 power of the intensity. In this sample the 
superlinear behaviour arose only from the mobility 
variation. At 308°K both the lifetime and mobility 
dropped by about 20 per cent but the dependences 
remained the same. At 208°K the dependences 
were still about the same but the lifetime was 2-5 
times as large as at room temperature and the 
mobility was somewhat higher. In the range of 
temperatures from 104°K to 165°K the sample 
was no longer linear with intensity, at least at the 


() 165°K. 


higher light intensities. There is an indication that 
the response was becoming more linear in the 
lower intensity range at 165°K. The mobility 
was not temperature-dependent in this lower 
range but was higher than at room temperature 
and depended on carrier density as the 0-45 power 
rather than the 0-25 power. 

The results on sample 738-79 are shown in 
Figs. 4 and 5. This sample was sublinear at room 
temperature. The carrier density varied as the 
0-61 power of the light intensity in the temperature 
range 20-36°C. Little temperature dependence 
was observed in this sample. The mobility 
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Fic. 4. Dependence of carrier density on light intensity, sample 738-79. 
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dependence was lower than in sample 738-7. The 
mobility depended on the 0-16 power of the carrier 
density so that the conductance depended on the 
0-71 power of the light intensity. 

In several samples where the lifetime was a 
constant the response went through a maximum 
somewhat below room temperature and fell by 
a factor of about 4 at 60°C. The mobility in 
general increased as the temperature was lowered 
and furthermore the dependence of mobility on 
carrier density increased at lower temperatures. 
For instance in one sample the mobility at a given 
carrier density decreased from 60 cm?/V sec at 


1°C to 35 at 21°C to 28 at 45°C. The dependence 
of the mobility went from the 0-49 power to the 
(0-32 power to the 0-16 power at the same tem- 
peratures. Thus the variation of mobility with 
temperature depended on the carrier density, so 
that no temperature curves are given. 

A dependence of mobility on the wave length 
of the exciting light was observed. Because the 
absorption constant, «, of the light varies with 
wave length the effective thickness, d, of the 
samples changes, and for a given surface density 
of carriers the volume density changes if there is 
no diffusion away from the surface. The actual 
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relationship between the measured Hall voltage 
and the mobility is complex in such a case as the 
local Hall field varies from the front to the back of 
the sample and circulating currents must result. 
However, it may be argued that most of the Hall 
current is developed within an absorption length 
of the front surface so that the measured mobility 
should depend on the average bulk concentration 
in this region. Hence the mobility should vary as 
(av)», where p is the power of the dependence 
of mobility on density. Therefore for low values of 
« the measured mobility should be less than for 
high values. That this is the case may be seen in 
Fig. 6 where the mobility is plotted as a function 


of wave length in measurements where the 
conductance of the sample was held constant 
const.). The conclusions would be the 
same if the surface density had been held constant. 
The mobility may be seen to have decreased 
beyond the absorption edge as the above argument 


(Ww = 


indicated it should. However, at short wave 
lengths there was also a decrease. This may have 
resulted from surface scattering. There there is 
little redistribution of the carriers away from 
the surface by diffusion is indicated, because if 
the diffusion length were of the order of the 
absorption length the above effects would dis- 


appear. 
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DISCUSSION 

In all of the samples measured, the mobility 
was found to depend on carrier density. In sample 
738-7 the response would have seemed super- 
linear if the conductance only had been measured. 
If an attempt had been made to interpret the 
recombination processes an error would have 
resulted. The generality of the finding of mobility 
variation calls into question any interpretation of 
the recombination kinetics in sintered layers in 
which the mobility has not been measured. 

It has not been definitely established that the 


constant). 


change in mobility results from barriers, but no 
other mechanism suggests itself. There is no 
evidence of plateaus in the variation of mobility 
with carrier density so a change of scattering by 
filling of ionized impurities does not seem likely. 
Petritz’s factor, B, the ratio of the relative change 
in mobility to the change in carrier density took 
values from 0-15 to 0-49 in the samples studied. 
The mobility variation thus can represent a large 
contribution to photoconductive gain in some 
samples. 

The significance of the measurement of mobility 
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as a function of wave length is that the observed 
variation offers an alternate cause of the decrease 
of photoconductivity on the short wave length 
side of the absorption edge to those previously 


proposed. 
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THE ROLE OF INJECTING CONTACTS IN 
PHOTOCONDUCTORS 


MURRAY A. LAMPERT 


Radio Corporation of America, RCA Laboratories, Princeton, N. J. 


Abstract—lIt is usually assumed that the only role of the ‘‘ohmic,”’ i.e. injecting, contacts is that of 
supporting Ohm’s law currents through the photoconductor. In actual fact the injecting contact 
plays a key role in limiting the available gain (G)—bandwidth (1/70) product of the photoconductor, 
through the agency of space-charge which is either injected and volume-distributed or spatially 
localized near the potential minimum at the contact. G/ro has a limiting value M/7r where 7r is the 
dielectric relaxation time under operating conditions and M is a dimensionless quantity determined 
by either the volume-distributed or contact-localized space charge. 

Where the negative contact is injecting for electrons and the positive contact injecting for holes, 
two-carrier current flow in the insulator is supplied by the contacts. Double injection and photo- 
conductivity are closely related in that the characteristics of both phenomena are governed by the 
same recombination centers. Double injection has been analyzed for an idealized insulator with a 
single set of recombination centers completely filled in thermal equilibrium. Outstanding results 
are: (i) a threshold voltage for the double injection, and (ii) a negative resistance associated with a 
hole lifetime which increases with injection level. : 


I. INTRODUCTION 

AN OHMIC contact is by definition and tradition 
one that is experimentally invisible, i.e. one that 
plays no role in electrical measurements other 
than to permit the flow of Ohm’s law currents 
corresponding to the bulk value of conductivity. 
On this account one might well wonder how there 
can be enough content in the subject to merit a 
published article. The point is that, in actuality, 
a so-called ohmic contact is generally an injecting 
contact, i.e. a contact which can inject excess 
carriers into the solid, thereby promoting non- 
ohmic current flow. Further, it is a remarkable 
fact that, even in the regime of (steady-state) 
Ohm’s law currents, the ohmic contact can make 
itself felt experimentally, in transient phenomena, 
e.g. in the response time for photoconductivity. 

In this paper we shall touch on two areas of 
problems. First we shall review earlier work by 
Dr. Rose and the author, concerned with one- 
carrier or miajority-carrier photocurrent flow. 
Here the significant physical parameter through 
which the injecting contact may exert an influence 
on photoconductivity is space charge. In steady- 
state photoconductivity the space charge in 


question is injected and volume distributed; in 
transient photoconductivity it may alternatively 
be spatially localized near the potential minimum 
at the contact. Then we shall discuss more recent 
work concerned with two-carrier, or double- 
injection, current flow in insulators. Here the 
important physical parameter is the free carrier 
lifetime—a parameter which is, of course, also 
central to photoconductivity. 

The different kinds of contacts a metal can 
make to the conduction band of an insulator are 
illustrated by the schematic energy-band diagrams 
of Fig. 1. The left-hand diagrams correspond to 
thermal equilibrium. /, denotes the bottom con- 
duction band level, F the thermodynamic Fermi 
level. (There will also, of course, be numerous 
localized states in the forbidden gap. These are not 
shown on the diagrams.) The right-hand figures 
show the energy diagrams for the corresponding 
contacts with a voltage applied across the insulator, 
the polarity being such that the contact shown is 
negative. The top pair of diagrams represent 
the ohmic or injecting contact. At the contact, in 
the downward-bending region, is a reservoir of 
free electrons available for injection into the bulk 
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Fic. 1. Schematic energy-band diagrams illustrating 
the different types of contacts to the conduction band. 
The left-hand diagrams correspond to thermal equili- 
brium, the right-hand ones to an applied voltage. 


BLOCKING 


of the insulator. At sufficient voltage this reservoir 
delivers a space-charge-limited, excess electron 
current into the conduction band—a fact of con- 
siderable importance for the later discussion. 
Under an applied voltage there is a potential mini- 
mum or energy maximum in the insulator near the 
contact interface, shown at position P in the upper- 
right figure. This is quite analogous to the famous 
potential minimum near the cathode of thermionic 
vacuum tubes operated under space-charge- 
limited conditions. For future reference we note 
that al/ excess electrons to the right of the energy 
maximum P, i.e. in the bulk of the insulator, are 
compensated by an equal number of positive 
charges on the anode contact, not shown in the 
figures. Also, when an electron leaves the insulator 
at the anode contact an electron will automatically 
enter the insulator at the cathode contact, a fact 
which makes possible high photoconductive gain. 
This last is also true of the neutral or flat-band 
contact, middle figures. With this kind of contact 
an applied voltage is ohmically distributed across 
the insulator, and only Ohm’s law currents will 
flow—at least up to the point where temperature- 
limited, or saturated, current is drawn from the 
metal. This type of contact is not easy to come by 
experimentally. Finally, bottom figures, we have 
the blocking, or rectifying, contact. Here most of 
the applied voltage is localized at the contact. An 
electron leaving at the anode can no longer be 
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replaced by injection at the cathode, and so, in the 
absence of contact breakdown, the photocon- 
ductive gain is limited to unity at most. It is im- 
portant to recognize that under photoexcitation 
of the insulator the injecting contact may be con- 
verted into a neutral contact (straight dashed line 
in upper-left figure) or even a blocking contact 
(lower dashed line in upper-left figure); likewise 
the neutral contact may be converted into a 
blocking contact. Such effects have been observed 
experimentally.) Everything we have said about 
contacts to the conduction band applies equally 
well to contacts to the valence band, using the 
appropriate, complementary energy-band dia- 
grams. For the remainder of this paper we 
restrict our discussion to injecting contacts. 


II. MAJORITY-CARRIER PHOTOCONDUCTIVITY. 
THE GAIN-BANDWIDTH PRODUCT 

In discussing one-carrier or majority-carrier 
photoconductivity we assume, for the sake of 
definiteness, that the current carriers are electrons. 
Photoconductive gain G is defined by: G = Al/eF 
where A/ is the induced photocurrent and F is 
the absorbed light flux producing it. Since an 
electron leaving at the anode is replaced by an 
equivalent one entering at the cathode, G is also 
the number of transits a photo-excited electron 
makes in its lifetime, i.e. 


TI 
T" 


with 7; the electron lifetime and 7” its time of 
transit from cathode to anode. The second relation 
in (1) is the defining relation for 7,4 being the 
total number of photo-excited, free electrons. 
There will generally be a much larger number of 
trapped electrons in quasi-thermal equilibrium 
with the free electrons. During the photocon- 
ductive rise the light must supply these trapped 
electrons as well as the free ones. Therefore the 


rise time 79 may be written as: 
Wr 


‘ 2 
= (2) 


= 
where 7 is the increment in the total number of 
photo-excited electrons, free plus trapped, ac- 
companying an increase in the absorbed light flux 
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of amount F. Equation (2) may be regarded as a 
defining relation for 7. During the photocon- 
ductive decay the trapped, as well as free, electrons 
must get back to their states of origin. Therefore 
79 is also the photoconductive decay time, and it 
is convenient to refer to 79 simply as the response 
time. 

The computation of 7 is illustrated in the 
energy-band diagram of Fig. 2. F, is the position 
of the steady-state, electron Fermi level corre- 
sponding to some definite light excitation (absorbed 
light flux F’). Shown also are representative electron 


we count up the number of electron traps, each 
set being multiplied by an appropriate weighting 
function which is strongly peaked at Fy, as illu- 
strated by the plot at the left side of Fig. 2. 

We proceed now to our goal, an evaluation of 
the gain-bandwidth product. The shortest time 
variation of excitation the photoconductor can 
follow is given by its response time 79. Corre- 
spondingly, the highest frequency of excitation it 
can follow is 1/79, and it clearly can respond fully 
to all lower frequencies. Thus 1/79 is also the 
bandwidth for the photoconductor response. 








—+— WEIGHTING 
FUNCTION 


Fic. 2. Schematic diagram for the computation of V7. 


trapping states of total number .#) at energy EF 
such that E}—F, > kT, of number ./2 at energy 


E2 such that |H2—F,| < kT, and of number 3 
at energy H3 such that F,—E3 > kT. (WV ¢ is the 
total effective number of conduction-band states.) 
All of these states are assumed to be in quasi- 
thermal equilibrium with the free electrons. V7, 
at the given level of photo-excitation, equals the 
change in the number of electrons in all of these 
states if we double the light excitation, and thereby 
move F, up by approximately k7. The states at 
E,, well above F,, will double their occupancy. 
Hence their contribution to M7 equals 1; 
weighted by the Boltzmann factor exp (Fi, — £))/RT. 
States My at energy Ey within kT of F, change 
their cccupancy from approximately empty to 
approximately full; hence they contribute approxi- 
mately their full number M2 to Wy. The only 
occupancy change possible in states ./3 at energy 
E3 well below Fy is that those few empty ones 
become filled with electrons. Hence their con- 
tribution to Wp equals 3 weighted by the hole- 
occupancy probability, again the Boltzmann 
factor exp (E3—Fy)/kT. Thus, to compute M7 


From (1) it then follows that the gain-bandwidth 
product may be written as: 
From (1) and (2), 71/79 = W/NM 7. The transit 
T’ = L?/uV, L being the cathode-anode 


G/70 = 71/T’ 79. 


time 
spacing, the electron mobility and V the applied 
voltage. This is just distance divided by average 
drift velocity. Substituting these into the above 
relation for G/r9 and multiplying both numerator 
and denominator by eC, C being the capacitance 
of the photoconductor, we obtain: 


G/to = (eV p/L2C)\(CV /eW7). 


Finally, noting that L?/e/W p is the resistance R of 
the photoconductor at the operating point, and 
that CV /e is the total number of excess electrons 
in the bulk of the photoconductor and therefore 
also equals the total number Wy of positive 
charges on the anode, we obtain for the gain- 
bandwidth product: 
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The time constant 7; is the dielectric relaxation 
time for the photoconductor at the operating 
point. 

Equation (3) represents a universal form for the 
gain-bandwidth product. It is a rather convenient 
form in which to express this product because of 
a very interesting property of M discovered 
several years ago by STOCKMANN,) Rose®) and 
REDINGTON™); under a wide variety of circum- 
stances M, as a function of the applied voltage V, 


The 


has a maximum possible value of unity. 














Fic. 3. Variation of M = AN 4 
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many injected, excess electrons as are excited by 
the light. This marks the onset of space-charge- 
limited current injection, which occurs then at 
M = 1. Beyond this voltage (WNW) increases 
together with M4 and M = 1 at all higher voltages. 
The origin of this maximum /M-value of unity lies 
in the fact that the onset of space-charge-limited 
current flow occurs where 4 = Wr. This will 
be true for other, more complicated, models of 
photoconductors as well. A key to obtaining 
M-values exceeding unity is the invocation of 








Ny with voltage V for two simple photo- 


conductors: left, a trap-free photoconductor with deep-lying recombina- 


tion centers, (F—Er)/kT 


1 and right a trap-free photoconductor with 


recombination centers near the Fermi level, |/—Epr|/kT < 1. 


reason why this is true can be seen by considering 


a simple photoconductor, namely the trap-free 
photoconductor with deep-lying recombination 
centers (F—Fr > kT) illustrated in Fig. 3(a). 
In order to compute the variation of M with 
voltage it is necessary to know how V4 and Wr 
separately vary with voltage. The anode charge 
MN 4 simply varies linearly with voltage. On the 
other hand, so long as excess charge has not been 
injected into the insulator, 7 is a constant 
independent of voltage and dependent only on the 
electronic structure of the insulator and the light 
excitation level, as shown above. Thus, in the 
Ohm’s law region of current flow M, hence G/7o 
increases linearly with voltage. This result clearly 
holds for any photoconductor. For the particular 
case of Fig. 3(a) there are no trapped electrons, 
Vr =A that 
voltage Vs. where Nr there are as 


at all voltages. Now, at 


Na~=N 


and so. 


localized states in the forbidden gap which 
influence space-charge-limited current flow but 
are not electron traps, i.e. are not in quasi-thermal 
equilibrium with the free electrons. Recombina- 
tion centers are such states since they are in kinetic, 
rather than quasi-thermal, equilibrium with the 
free electrons. Consider, for example, a trap-free 
photoconductor where the recombination centers 
are located within kT of the Fermi level, illustrated 
in Fig. 3(b). In this case space-charge-limited 
flow that voltage Ve 
where M4 = Wp ,r, the number of empty re- 
combination centers. Since W7 = WNW as pre- 
viously, M will increase linearly with voltage up to 


current will set in at 


its maximum value of Wp, p/.N, attained at voltage 
Ve. This ratio can, of course, be much greater 
than unity. Between Vs. and 2V sce, MW increases 
up to. W 4 so that M drops to unity, and remains 
so at higher voltages. Detailed analysis of other 
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models of photoconductors including electron 
traps is given in an article by Rose) and the 
author. 

We next consider the influence of the injecting 
contact on the photoconductive transient, i.e., 
on the response time. Referring to Fig. 4, let there 
be a steady photocurrent Jo flowing in response to 
some steady level of illumination. The corre- 
sponding potential minimum or energy maximum 
occurs at some position Po near the cathode 





interface. Let the level of incident light flux 
suddenly be doubled, the applied voltage being 
held fixed. The new, steady photocurrent will 
also be approximately doubled. In order to deliver 
the increased current the energy barrier must 
shift downwards, by an amount eAV and to the 
left from Po to Pi, a distance A. In a simplified 
diffusion model for the energy barrier,eAV ~ kT 
and A is a Debye length corresponding to the 
total, excess charge density Np at the potential 
minimum (instead of just the free, excess charge 
density), A = (ekT/e?N7)!/2, where « is the static 
dielectric constant. The time 79,¢ it takes for the 
energy barrier to shift from Po to P; is the contact- 
controlled response time. It remains to compute 
To,c. Between Po and P; there are W7,¢ = ANrA 
negative charges, where A is the cross-sectional 
area of the photoconductor. At the lower current 
Jo these negative charges are all compensated 
by positive charges to the /eft, at the cathode 
interface. At the higher current 2Jp they must 
be compensated by positive charges to the right 
of P;. Since the applied voltage is unchanged, 
these positive charges can only be obtained through 


oO 


sweep-out of the additional photoelectrons excited 
by the increased light, the light-excited holes 
being trapped and left behind in the photo- 
conductor. The time required to build up the 
necessary positive charges is 79, ¢ and is given by: 


e f Te 
F 


To,c = 


A 
, NM a,¢ = ekTNr)!/2 (4) 
e 


with F the absorbed light flux. Correspondingly, 


A 


f the ohmic (injecting) contact. 


the contact-controlled gain—bandwidth product is: 


WN, 
ihn 
‘ f Te 


| | 
G— =—M,, 


To,¢ TF 


with 7, the same dielectric relaxation time at the 
operating point as in (3). Note that the above 
derivation is independent of the nature of the 
current Jo, i.e. whether it is an ohmic or a space- 
charge-limited current. 

In any given photoconductor the controlling 
response time is obviously whichever is the longer 
time, TQ OF TO,¢.- 

The corresponding 
determines the gain—bandwidth product. 


response time also 


III. DOUBLE INJECTION IN INSULATORS 

We turn now to the subject of two-carrier 
current flow in insulators, or double injection. 
The schematic energy-band diagram for the 
insulator is shown in Fig. 5. At the negative 
electrode, or cathode, there is an electron-injecting 
contact, as before. Now, at the positive electrode, 
or anode, there is a hole-injecting contact which, 
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of course, would not be used in one-carrier studies. 
(The fact that the contacts shown are of junction 
type rather than metal-insulator type, such as in 
Fig. 1, in no way alters our discussion.) With 
sufficient 
electrons come pouring in from the cathode into 
the conduction band £, and holes from the anode 


voltage applied across the insulator, 


into the valence band ane 


applied voltage is closely 


carriers under an 
analogous to photoconductivity induced by band- 
gap light excitation. In both cases, free carriers 
are directly injected into the conduction and 
valence bands, in the photo case usually near the 
surface of light incidence and in the voltage case 
from suitable contacts. In both cases the injected 
electrons and holes neutralize each other and in 
both cases it is the finite lifetimes of the electrons 
and holes against mutual recombination which 
limit the induced conductivity, hence the currents 
which can flow. Further comments on the inter- 
relationships between double injection and photo- 


conductivity are made below. 


In any insulator there will be large densities of 


recombination centers, labelled Np in Fig. 5, 
of electron traps Nz», and of hole traps, Nip and 
comparatively very small densities of thermally 
generated free electrons mp and free holes po. 
Under double injection, as the injection level 
changes the occupancies of the recombination 
centers Np will generally change, and so likewise 
will the electron and hole lifetimes. Further, these 
lifetime changes can be enormous. These features 
of double injection, which are characteristic of 
insulators as compared to semiconductors, can 
lead to very interesting current-voltage character- 
istics, as will be seen below. 

Figure 5 corresponds to a “‘real’’ insulator in 
the that there sufficient 
density and variety of localized states in the 


sense are indicated a 
forbidden gap to correspond to reality. The 
behavior of this insulator under double injection 
is likely to be quite complicated and the theoretical 
analysis unduly involved. It is perhaps judicious 
to first gain an understanding of the double- 
injection behavior of a much simpler model of an 
insulator, such as shown in Fig. 6. Here there is 
just a single set of localized states in the forbidden 
gap, functioning as recombination centers and 
completely filled in thermal equilibrium. Simple 
as it is, this model nonetheless has built into it the 


This double injection of 
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No» Po << Nps Nini Ney, 
for double 
contacts). 


energy-band diagram 


(junction-type 


5. Schematic 
injection into an insulator 
Nip are electron traps, Nin hole traps, and Nr recom- 

bination centers. 


all-important feature of carrier lifetimes changing 
with injection level. 

The lifetime 7 of a free carrier is written, in the 
usual manner, as t = 1/G0Neap, with G the average 
thermal velocity of the carrier, o the cross-section 
for its capture by a recombination center, and Neap 
the density of capturing centers. In the model of 
Fig. 6 the most interesting situation is that for 
which op > on with op(on) the cross-section for 
capture of a hole (electron) by a filled (empty) 
recombination center. This would be the case if the 
states Nr were acceptor-like, that is, negatively 
charged when occupied by an electron. We assume 
this inequality of the cross-sections for the 
remainder of our discussion. 

At low injection levels, the electron occupancy 
of the recombination centers is very little disturbed. 
Therefore the density of hole-capturing centers 
to be inserted into the lifetime formula to obtain 





oe 





Fic. 6. Highly simplified model of an insulator; there 


are no traps and just a single set of recombination centers 
completely filled with electrons in thermal equilibrium. 
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the low-level hole lifetime ty,jow is just Np. At 
high injection levels, where n > Nr and p > Np, 
n and p being the injected free electrons and hole 
densities respectively, charge neutrality requires 
that n ~ p. With op > oy the electron and hcle 
recombination rates can only be balanced if the 
recombination centers are largely empty. The 
electrons formerly in these centers have been 
transferred to the conduction band. Therefore, 
at high injection levels the density of electron- 
capturing centers to be inserted into the lifetime 
formula to obtain the high-level electron lifetime 
Tn, high 1s again Nr. With n w p it follows neces- 
sarily that tn nigh © Tp,nign the high-level hole 
lifetime. These results are summarized as follows: 
1 1 


Tn high © Tp,highY ——_— 
OnonN R 


(6) 


Tt SS 
TptpNp 


From (6) it follows, taking dp»/, ~ 1, that 
Tp,high/Tp,low © Fp/On. 

This drastic increase of hole lifetime with in- 
jection level between low and high levels means 
that, in this region of currents, the more holes 
that are injected the “easier” it is for them to 
get across the insulator (in the face of recombina- 
tion). In fact, it is so much easier that the voltage 
required actually decreases as the current increases. 
The double-injection current-voltage character- 
istic for the model of Fig. 6 contains a regime of 
negative resistance. 

Another extremely interesting feature of double 
injection in the model of Fig. 6 is the existence of a 
voltage threshold for two-carrier current flow. 
This result, which is contrary to previous 
speculation”) on this question, can be obtained 
through a rather simple argument. At low injection 
levels the hole lifetime throughout the insulator 
has its low-lifetime value ty,jow. Define the drift 
length d as the distance a hole moves in one 
lifetime: d = Up,arittTp,low = MpETp,low, With & 
the applied field, which varies with position. As 
€ increases, d increases proportionately. Let 
successive drift lengths be measured off, starting 
from the anode, as in Fig. 7. At the end of each 
drift length the free hole density p decreases by a 
factor of approximately two. Because of neutrality 
requirements the free electron density n does like- 


wise. In order that the total current remain 


constant, the field & must increase by the same 
factor of approximately two over each drift length. 
(Variations of p, n and & with position are indicated 
in Fig. 7.) Thus each drift length is roughly twice 


n<<N 
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Fic. 7. Drift-length diagram illustrating the voltage 
threshold for double injection. The d; denote successive 
drift lengths for holes. 


as long as the preceding drift length: dz ~ 2d; 
d3 ~ 2d2 ~ 4d), etc. Hence the final drift length 
d,(dg in Fig. 7) ~ L/2, where L is the cathode—anode 
spacing. Correspondingly, by definition of drift 
length, the hole transit-time across half of the 
insulator = Tp,jow, So that we have finally the 
result: 
[? - 
ty,th = F =~ Tp, low (7) 
MpV tn 
where subscript “‘th’’ denotes threshold and fy is 
the hole transit time. Rigorous mathematical 
analysis) gives L?/uyVin = 2Tp,10w. The complete 
current-voltage characteristic for the model of 
Fig. 6 is shown on the log-log plot of Fig. 8. 
Three regimes are apparent: a steeply rising 
current near the voltage threshold, a negative 
resistance down to some minimum voltage Vy,, and 
finally a square-law dependence of current on 
voltage at high currents. This last regime corre- 
sponds to injection levels sufficiently high that 
n= p> Nrsothat tp Y tp © Tn high © Tp,high 
as given in (6). The transfer of electrons initially in 
the recombination centers Np to the conduction 
band through double injection has been completed. 
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Fic. 8. Current (J)—voltage (V) characteristic, on 
log-log plot, for the model of Fig. 6. 


As a result, at high injection levels the insulator 
behaves exactly like a semiconductor with an 
equivalent thermal free carrier density mo = Np. 
The insulator has, in a manner of speaking, been 
electronically converted, through double injection, 
into a semiconductor. (The same effect could be 
produced by shining bandgap light on the 
insulator.) The square law shown in Fig. 8 is 
precisely that derived by Rose and the author? 
for the equivalent semiconductor. At still higher 
injection levels, when injected space charge takes 
on importance, the square law goes over into a 
cube law, not shown in Fig. 8. The low current 
end of the square law in Fig. 8 is determined by 
the condition: tp 4, = L?/upVmM ~~ Tp,nign, a 
result essentially identical to that for the equivalent 
semiconductor problem.) Comparing this result 
with (7) we see that Vin/Vi © Tp,nign/Tp,10w © 
Op/on > 1. A further feature to be noted in 
Fig. 8 is the relatively small variation of current 
with voltage over most of the negative-resistance 
regime. J increases by only a factor of five between 
Vin 2 and Vy. 

Upon reflection it will be seen that the double- 
injection characteristic exhibited in Fig. 8, which 
was derived neglecting space charge, cannot 
possibly be valid down to arbitrarily low currents. 


LAMPERT 


For, corresponding to the threshold voltage there 
must be in the insulator a space charge Oin = CV tn, 
where C is the capacitance of the insulator. The 
neutrality-based, double-injection solution cannot 
be valid until the injected electron charge exceeds 
Qtn. At lower injection levels the current in the 
idealized insulator of Fig. 6 is actually the one- 
carrier, space-charge-limited electron current for 
a trap-free insulator shown as the dashed line. 

On the experimental side, a current-voltage 
characteristic such as exhibited in Fig. 8 might 
be expected to produce one of two striking effects: 
first, because of the negative resistance, spontan- 
eous oscillations under d.c. applied voltage, or, if 
the oscillations are quenched by external circuit 
resistance, a marked hysteresis in the d.c. current- 
versus-voltage curve. Both effects have been 
reported for a number of insulators and high- 
resistance semiconductors: spontaneous oscilla- 
tions in Au-doped Ge, ° high-resistivity GaAs, 1) 
CdS"2) and ZnSe"%); hysteresis in Fe-doped 
Ge,4) CdSe%5) and CdS“, Almost certainly a 
lifetime increasing with injection level is the under- 
lying cause in some, and perhaps all, of these 
observations. 

It remains to establish quantitatively, both by 
experiment and theory, the relationships between 
photoconductivity and double injection. ‘The basis 
for a close relationship has already been suggested 
—both depend profoundly on the behavior of the 
free carrier lifetimes. The correlations between 
infrared quenching excitation and _ double- 
injection ‘‘breakdown’’ observed earlier by 
TyLer"4) in his studies of Fe-doped Ge augur 
well for future studies of such relationships. 
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DISCUSSION 


L. HeryNeE: In the derivation of GB = M/tret you 
made use of the expression to = 71(nt/n) which is valid 
only when thermal equilibrium is maintained during 
the decay. For deep traps this is generally not the case. 
The decay then consists of a fast and slow part, the latter 
may be only a few per cent of the photocurrent. Can you 
tell how this effects the factor M? 


M. A. LAMPERT: You are right that in the derivation 
of the gain-bandwidth product it is assumed that the 
traps are in quasi-thermal equilibrium with the free 
carriers. Although for deep traps this is sometimes not 
the case, I believe that it is overstating matters somewhat 
to say that it is then generally not the case. Deep traps 


out of quasi-thermal equilibrium with the free carriers 
simply make no contribution to ne so that the measured 
M-value is correspondingly larger. 


D. A. Cusano: You have indicated the influence of 
illumination on the neutral ohmic contact. You also 
stated that the maximum quantum efficiency for the 
rectifying contact is g = 1. If, however, the illumination 
influences the rectifying contact at sufficiently high 


voltage—allows it to become injecting—is it not possible 
to observe q > 1, as in the case of the neutral ohmic 
contact? (One-carrier case). 


M. A. LAMPERT: Yes, it is possible. 


R. W. REDINGTON: I would like to comment on your 
M-value greater than unity. For the model you used, 
the gain itself increases monotonically until it saturates 
in the space-charge-limited region. M drops on the high 
voltage side of its maximum because the response time 
increases. For the maximum gain case one never needs 
M-values different from unity if the dielectric relaxation 
time is defined dynamically. 


M. A. LAMPERT: In the model of Fig. 3 (right) the 
drop-off of M after the onset of space-charge-limited 
currents is due to the large increase of m7, between 
Vsc and 2V sc. In this model nr = n at all voltages so 
that to = 71. Any change in 71, hence 70, in the voltage 
region between Vsc and 2V sc has no bearing on the 
M-value the way we have defined it. 
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ELECTRON INJECTION AND EXTRACTION 
IN CdS CRYSTALS 


W. RUPPEL 


Laboratories RCA Ltd., Zurich, Switzerland 


Abstract—The measurement of the total crystal charge of a CdS single crystal with pressed In 
contacts, as a function of voltage and light intensity, permits the determination of the transition 
from electron injection to extraction in the crystal. From the potential distribution in the vicinity 
of the contacts, inferred from the charge measurements in conjunction with the observation of 
current-voltage characteristics, the mechanism which limits the current flow through the crystal 


under the different experimental conditions is determined. 


INTRODUCTION 
THE mechanism which limits the current 
through an insulator is closely correlated with the 
potential distribution in the insulator in the 
vicinity of the contacts and hence, via Poisson’s 
equation, with the total charge of the insulator. 
Space charge of the sign of the majority carriers 
indicates that the current flow is the space-charge- 
limited analog to current flow in a vacuum. Space 
charge of the opposite sign points to extraction 
of the majority carriers and limitation of the 
current flow by a limited supply of carriers from 


flow 


the electrodes. Of particular interest is the case of 


current flow far in excess of the ohmic current 
which cannot be ascribed to a change in mobility 
but is rather due to a change in the free carrier 
concentration. If substantial two-carrier con- 
duction can be excluded, the determination of the 
total crystal charge permits the distinction between 
space-charge-limited majority excess carrier 
injection and an increase of the free carrier con- 
centration by the extraction of majority carriers 
from traps through collision ionization or field 
emission in the interior of the crystal. 

In order to demonstrate the mechanism of the 
increase in electron concentration in CdS under 
applied voltage the total crystal charge was 
measured in conjunction with current-voltage 
characteristics by SMITH and Rose”) and BOER 
and Kimme_), ‘These measurements were, 
however, not in sufficient agreement to yield 


conclusive information about the current limiting 
mechanisms involved for a particular contact to 
the CdS crystal. The experimental results that 
will be outlined in the following suggest that by 
considering the influence of the applied voltage, 
as well as that of photoexcitation of free electrons 
in the interior of the crystal, a systematic picture 
including both injection and extraction of electrons 
for the case of pressed In contacts to the CdS 
crystal is obtained. 


EXPERIMENTAL PROCEDURE 

The CdS single crystals used were prepared by the 
FRERICHS method and not deliberately activated. They 
were platelets with an area of about 0-15 x 0-15 cm* 
and a thickness varying between 1:0x10-° and 
2:5 x 10-3 cm. 

The crystals were clamped in between two In contacts 
with a contact area of about 2:5 x 10-8 cm*. When the 
In contacts were removed for the detection of the total 
crystal charge the crystal dropped onto the pan of a 
one-string electrometer with a charge sensitivity of 
3 x 10°13 C/div. 

Photogeneration of free carriers was effected by white 
light. Its intensity was adjusted by means of chromium 
filters. As a criterion for uniform illumination zero 
photovoltage across the crystal and both contacts was 
used. 

In order to ensure that the detected total crystal 
charge was not an irregular spurious charge the crystal 
charge was also measured for an equal potential applied 
to both contacts. The charge in this case was observed 
to be equal to the expected value of the product of the 
applied potential and the capacity of the crystal with 
respect to the electrometer ground. This demonstrates 
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Fic. 1. Crystal charge in the dark as a function of voltage applied 


between pressed In 


contacts. 


Distance between contacts 


2-5x 10-3 cm. Contact area 2°5 x 10-3 cm?. The dotted line repre- 
sents the charge computed for an ohmic cathode and a blocking 


anode. 


the absence of any essential spurious charge arising from 
the removal of the In contacts from the crystal. 


EXPERIMENTAL RESULTS AND DISCUSSION 

The total charge observed for a CdS crystal as a 
function of the applied voltage in the dark is 
shown in Fig. 1. Already at zero applied voltage 
a small negative charge is observed. This charge 
can be accounted for by the contact potential 
difference between the CdS crystal and the In 
contact. It presents a direct experimental evidence 
for the presence of a surface space charge layer in 
a semiconductor in contact with a metal. The 
negative sign of the charge indicates the presence 
of an electron accumulation layer in the n-type 
CdS and, therefore, that of an ohmic contact for 
electrons of the In to the CdS. Sign and magnitude 
of the observed charge permit the calculation of 


the internal field at the crystal surface in thermal 
equilibrium with the In contact (Fig. 2a). 

With an applied voltage one expects, according 
to the ohmic contact for electrons, the occurrence 
of an additional negative space charge formed by 
injected excess electrons (Fig. 2c). For small 
applied voltages this additional charge should be 
equal to simply the applied voltage multiplied by 
the interelectrode capacitance (dotted line in Fig. 
1). Experimentally, for voltages up to a few volts 
the observed charge values follow the dotted line. 
At higher voltage a smaller negative charge and 
finally a change to slight positive charges is 
observed. 

The increasing lag of the magnitude of the 
negative charge behind the value computed for a 
cathode ohmic for electron flow and an anode 
blocking for hole flow could be due to either an 
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Fic. 2. Potential distribution in a CdS crystal with pressed In contacts. (a) In the dark without applied 
voltage; (b) under strong uniform illumination without applied voltage; (c) in the dark with applied voltage. 
Case of electron injection; (d) under strong illumination with applied voltage. Case of electron extraction. 
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increasing hole contribution or a saturation of the 
ohmic cathode.%) The first possibility seems 
unlikely since a diffusive hole contribution across 
an ohmic anode would decrease with increasing 
total current and since no band gap light emission 
is observed as it would be in the case of hole 
injection."4) On the other hand, saturation of the 
cathode would imply saturation of the current 
with increasing voltage unless tunneling at the 
cathode and extraction of electrons from traps by 
collision ionization or field emission occurs. 

In Fig. 3 are plotted charge (bottom) and current 
(top) as functions of voltage. From the linear 
current portion at low voltage the thermal equili- 
brium electron and the distance 
between conduction band and Fermi level in the 
interior-of the crystal can be computed (Fig. 2a). 
At a critical voltage a steep current increase is 
observed. The maximum negative charge and the 
subsequent change to positive values fall within 


concentration 


this range of current increase. This observation 
indicates that a transition from space-charge- 
limited injection of electrons to field induced 
extraction of electrons from traps occurs within 
a small voltage range. 

The close coincidence of the voltages at which 
injection has reached the trap-filled-limit® but 
also gives rise to a field induced extraction of 
carriers from those traps) must probably be 
understood by the effect that at the trap-filled- 
limit of injection the quasi-Fermi level for 
electrons rises steeply and that therefore the 
voltage necessary for collision ionization of filled 
traps decreases correspondingly. Positive observed 
charge indicates that even traps in addition to those 
filled by previous injection must have been 
emptied. Quantitatively, an average field of 
6x 104 V/cm (Fig. 3) appears to be too low to 
account for the extraction of carriers from those 
traps but according to BOER and KiMMEL":”) local 
fields in the crystal can exceed the average field 
by orders of magnitude. 

When the crystal is illuminated the free electron 
concentration in the interior of the crystal 
increases. At the surface a high recombination 
rate and hence a constant carrier concentration 
will be assumed. Under applied voltages exceeding 
the photovoltages set up between the surface and 
the interior of the crystal which tend to straighten 
the bands (Fig. 2b), the curvature of the bands will 


change its sign (Fig. 2d). The sign of the crystal 
charge will correspondingly change from negative 
to positive with increasing illumination. 
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Fic. 3. Upper curve: /—V-characteristic of the crystal of 
Lower curve: Crystal charge of Fig. 1 on a 
logarithmic voltage scale. 
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Fic. 4. Crystal charge as a function of photocurrent through the crystal at 100 V. Distance 
between contacts 2 x 10-3 cm. Contact area 2:5 x 10-3 cm?. 


This expectation is borne out by the experi- 
mental results shown in Fig. 4. Here the crystal 
charge is measured at constant applied voltage as 
a function of illumination. The total charge zero 
corresponds to flat bands (“‘neutral’’ contact). 
From the magnitude of the current at zero charge 
the energy difference between conduction band 
and Fermi level at the surface can be computed, 
thus completing the quantitative picture of the CdS 
crystal in thermal equilibrium with an In contact 
(Fig. 2a). 

The charge observations are corroborated by the 
measurement of current-voltage characteristics in 
the dark and under illumination (Fig. 5). The 
square-law portion in the dark points to space- 
charge-limited injection. Also, at low light in- 
tensities the current increases more than linearly 
as soon as the voltage generated excess electron 
concentration exceeds the photogenerated free 
carrier concentration. In the range of about 
10-19 to 10-9A the current increases linearly 
up to the steep rise, in accordance with the 
space-charge-free neutral contact observed in this 
photocurrent range (Fig. 4). At higher photo- 


currents for which positive crystal charge is found 
(Fig. 4), saturation is observed. This indicates 
saturation of the cathode without free carrier 
multiplication by extraction of electrons from 
traps. 


In order to exclude other possible photocurrent 
saturation mechanisms such as extraction of photo- 
generated holes from the crystal or an increased re- 
combination rate by injection of excess electrons the 
cathode saturation is demonstrated by the temperature 
dependence of the saturated photocurrent (Fig. 6a). 
The activation energy of the saturated current above room 
temperature is found to be 0:8 eV in agreement with the 
cathode barrier height determined from the crystal 
charge as a function of illumination (Fig. 2a). At about 
60°C the current is no longer limited by saturation of 
the cathode but by the free carrier concentration in the 
volume of the crystal. By extrapolating the ohmic part 
of the current-voltage curve (Fig. 6b) to 10 V a current 
of about 3 x 10-® A is expected while the temperature 
dependence of the saturation current is observed to 
disappear at about 2 x 10-® A (Fig. 6a). 


At high voltages the current increases steeply. 
For a photoinduced change in free carrier con- 
centration the transition from injection to ex- 
traction was observed to take place at a current of 
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Fic. 5. I-V-characteristics at different light intensities 
of a CdS crystal with pressed In contacts. Distance 
between contacts 1x10-% cm. Contact area 2-5 x 10-3 
cm”. Intensity B of white light in arbitrary units. 


2x10-°A (Fig. 4). If a similar transition induced extraction of electrons from traps in the 
point is assumed also for voltage-generated steep part of the current-voltage characteristics 
excess free carriers, the transition from space- occurs at a critical current density of about 
charge-limited excess electron injection to a field 1x 10-6 A/cm?. 
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Fic. 6. (a) Temperature dependence of saturated 

photocurrent through a CdS crystal with pressed In 

contacts. Distance between contacts 2x10-% cm?, 

Contact area 2°5x 10-8 cm?. (b) J-V characteristic of 
the same crystal at room temperature. 


CONCLUSIONS 
The total crystal charge of a CdS crystal varies 
in a systematic way as a function of voltage and 
illumination. From the total crystal charge the 
potential distribution in the vicinity of the contacts 
can be inferred and with it the mechanism that 


limits the current flow through the crystal can 
be determined. For the particular case of pressed 
In contacts to CdS crystals one finds that 
below current densities of about 10-6 A/cm? space- 
charge-limited injection of electrons predominates 
while for larger currents extraction of electrons 
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sets in. Depending on whether the extraction of 
electrons from the crystal is accompanied by 
field induced extraction from traps and a tunnelling 
emission current at the cathode, the free electron 
concentration in the extraction range is found to 
be smaller or larger than the electron concentra- 
tion in the ohmic range. The simultaneous deter- 
mination of crystal charge and current as a function 
of voltage and illumination yields a consistent 
quantitative picture of a CdS crystal with a 
pressed In contact. 
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DISCUSSION 


R. H. Buse (Comment): There have been a number of 


recent reports of unreasonably small trap densities 
resulting from the interpretation of a rapid rise in 
space-charge-limited current as the traps-filled limit. 
Recent experiments of ours are in agreement with those 
of this paper which indicate that their rapid rise may be 
caused not by filling of all traps present but by impact 
ionization of the shallower traps present. If trap densities 
are determined from the temperature dependence of a 
square-law portion of the SCLC curve below the rapid 
rise to the trap-free curve, these densities are in excellent 
agreement with densities determined from thermally 


stimulated current or photoresponse time data—and as 
much as 104 times larger than those calculated by 
assuming that the rapid increase in current corresponds 
to the filling of all traps. 


A. Rose: Am I right in understanding your argument 
that the crystal charge changes from negative to positive 
when the current exceeds the temperature 
limited emission from the contact, independent of 
whether the crystal current is increased by light or by 
voltage? 


W. Ruppev: Yes. 


crystal 
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CONTACT INFLUENCE ON THE PHOTOCONDUCTIVITY 
OF LEAD OXIDE 


L. HEIJNE 


Philips Research Laboratories, N.V. Philips’ Gloeilampenfabrieken, Eindhoven-Netherlands 


Abstract—Continuous primary photocurrents can be observed in PbO layers obtained by vapour de- 
position and sandwiched between Ag or Ag—SnOz contacts. When the dark conductance, which is 
determined by the deviation from stoichiometry, is strongly p-type, the following characteristics 
are found: saturating photocurrent-voltage dependence at unity quantum yield, linear photo- 
current-intensity dependence, and localization of the photosensitivity near the anode. This indicates 
blocking contacts for holes. Layers made n-type by a treatment at low oxygen pressure show a gain 
factor exceeding unity, no saturation and high dark current. The photosensitivity is not confined to a 
particular electrode. Thus the same type of contacts can replenish conduction electrons in this case. 
Further information is obtained from “electrical”? glow curves. The voltage dependence of currents 
generated by electrons when they are released from traps is markedly different from that occurring 
with holes. This enables the charge-carrier sign during the glow experiment to be determined. 
Transition from blocking to replenishing action of the contacts also for holes occurs, when the PbO 
is doped with n- and p-type impurities together. The photocurrent-light intensity characteristic 
becomes superlinear and the gain becomes higher than one, indicating an illumination-dependent 


replenishment. 


Values of the order of 1014 Q cm can be found at 
room temperature. However, the actual resistivity 
depends strongly on the deviation from stoi- 
chiometry. From Fig. 1 we see that layers baked at 


INTRODUCTION 
IN SAMPLES of lead oxide obtained by an evapora- 
tion process in a low pressure oxygen atmosphere 
contacts can behave differently with respect to the 
replenishment of both types of charge carriers 
and under different circumstances. 


a low oxygen pressure show highest conductivity. 
Thermoelectric voltage measurements revealed 
that the conductivity was n-type in that region. 
When the bake is carried out at a higher oxygen 
pressure, the p-type conductivity is not revealed 


The microcrystalline PbO layers were sandwiched 
between conducting tin oxide (in the form of a coating 
on a glass window) and evaporated silver contacts. The 


deviation from stoichiometry was established after the 
deposition of the lead oxide layer by a bake at 300°C 
in an oxygen atmosphere at a certain pressure. The 
sandwich cells were constructed in such a way that they 
formed part of an evacuated envelope, and during their 
preparation and processing any contact with the air 
was carefully avoided.) 


DARK CURRENT CHARACTERISTICS 

In contrast to the other lead salt photocon- 
ductors yellow lead oxide has an orthorhombic 
structure, and the photosensitivity has its 
maximum in the visible part of the spectrum 
instead of in the infra-red. The correspondingly 
high value of the band gap (about 2-7 eV) is the 
reason why the dark resistivity may be very high. 
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by the expected drop in resistance, though its 
presence is indicated by the sign of the thermo- 
electric voltage. The increase in capacitance of the 
cells (see Fig. 1) at these pressures indicates that 
the hole current is blocked at a contact barrier on 
which the applied field is concentrated. 


CONTACT MODEL 

A model of the field 
contacts to explain the above-mentioned results 
is represented in Fig. 2. It must be recognized 
that the width of the Schottky barriers as assumed 
in this model, especially of the one at the positive 
electrode, may be comparable to the electrode 
distance of the sandwich cells (10 4). From the 


distribution near the 
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surface area=2cm” 
thickness of layer=I5u 


capacitance (pF) 


Current at 10 volts 


—» Dark current (A) 














—+» Oxygen pressure (mm) 


Fic. 1. Dependence of dark current and capacitance on 

the oxygen pressure used during a bake at 300°C. The 

dotted part of the curve corresponds to a region of partial 
breakdown at the voltage used. 


expression for the thickness of the Schottky 
barrier"): 


W =| (1) 


/ Qeeg| f 1/2 
qN 


where: V: is the total voltage across the barrier, equal to 
I ‘applied + Vd, 

q the absolute value of the electronic charge, 

N the impurity concentration and 

e€9 the dielectric constant, 
we find under these conditions for the critical 
acceptor concentration a value of about 1014 cm~, 
At higher concentrations of acceptors (for example, 
lead vacancies introduced by a treatment at a high 
oxygen pressure) narrower space-charge regions 
are found at the contacts. Thus the measured 


Fic. 2. Voltage and space-charge distribution near the 
contacts in a p-type PbO layer, (a) without applied 
voltage, (b) with applied voltage. 


capacitance is higher than that calculated from the 
thickness of the layer. When the acceptor con- 
centration is lower than the critical concentration 
of 1014 cm~-%, the total negative space charge that 
can be built up inside the layer is insufficient to 
allow of a complete Schottky barrier to be 
developed. In that case, the negative space-charge 
maximum is so low that conduction electrons can 
enter the substance from the contacts and the 
sample becomes n-type conductive, although, by 
its composition alone, it should have been p-type. 
The dark current-voltage characteristic is super- 
linear in this case. 


PHOTOCONDUCTIVE PROPERTIES 

It appears that the photocurrent is proportional 
to the light intensity and that with increasing 
voltage it reaches a sharply marked saturation 
value at a quantum yield of almost unity. The 
sensitivity appears to be mainly localized near the 
anode. This is because the blocking barrier at 
which the field concentrates is situated at this 
electrode. The photocurrent resulting from illu- 
mination with strongly absorbed light must be 
carried predominantly by holes. It behaves as a 
purely primary current. This is in accordance with 
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the contact model of Fig. 2, where no replenish- 
ment of holes is possible at the anode. 

On the other hand, the replenishment of con- 
duction electrons in lead oxide having a lower 
oxygen content appears to be quite possible. This 
follows from the high dark current observed in 
that case. Moreover, the photocurrents observed 
in such samples lack the characteristics of a 
primary photocurrent mentioned above. 

So far, only evidence has been presented that the 
contacts used behave differently with respect to 
electrons and holes in different samples. Results 
will now be shown, in which the replenishment of 
electrons and the blocking of the entry of holes is 
demonstrated in the same sample. This takes place 
during thermostimulated current experiments. 
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THERMOSTIMULATED CURRENTS 


In these measurements the sample, which forms part 
of a circuit with a voltage source and a current measuring 
instrument, is cooled down to the temperature of liquid 
nitrogen in complete darkness. Then the substance is 
irradiated with a known amount of light and sub- 
sequently the temperature is again increased in the dark 
at a constant rate. The plot of the current against the 
time obtained experimentally during this heating up 
shows several maxima corresponding to the emptying 
of certain trapping levels (Fig. 3). 
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Fic. 3. Built-up thermostimulated current curves obtained at different levels of excitation for two samples 
baked at different partial oxygen pressures. 
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From thermostimulated current curves informa- 
tion about number, depth and capture cross- 
section of these levels can be obtained.) However, 
it is impossible to ascertain from the curves whether 
a certain peak corresponds to an electron or a hole 
trap. Now, when the voltage dependence of a 
particular curve obtained after excitation by a 
certain number of photons is considered (Fig. 4), 
we find that the peaks found may be divided into 
two classes. The height of the peaks belonging 
to the first is almost independent of the applied 
voltage or varies with the square root of it. On the 
other hand, peaks of the second class grow approxi- 
mately quadratically with increasing voltage. In 
Fig. 4 examples of these behaviours are shown for 
peaks B and C of Fig. 3. 

With the previous results in mind, it seems 
obvious to correlate the peaks with sublinear 
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voltage dependence with hole traps and those with 
a superlinear dependence with electron traps. 

The square-root dependence of hole peaks can 
be explained easily when it is taken into account 
that space-charge effects must accompany the 
displacement of the liberated holes. 

The concentration of a level may be found from 
the amount of excitation at which a peak ceases to 
grow with increasing excitation. A value of the 
same order of magnitude is found for the con- 
centration when the number of electronic charges 
crossing the layer during the occurrence of the 
peak is determined from the surface area under 
the peak (when the latter is plotted on a linear 
scale). But this is true only for hole peaks, which 
saturate with the applied voltage. Evidently, unity 
yield is obtained for the collection of the holes 
liberated from these traps. 
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On the other hand, when the charge flowing 
through the layer during the emptying of electron 
traps is compared with the excitation used for the 
filling of it, a gain factor exceeding unity may be 
observed, depending on the applied voltage. This 
again confirms the idea that electrons can be easily 
replenished by the contacts. 


ACTIVATED LAYERS 

When trivalent impurity atoms, such as Sb or 
Bi, are added to the lead oxide it is found that they 
tend to make the layers more n-type, and con- 
sequently the curves of Fig. 1 shift to higher 
oxygen pressures. The opposite occurs when 
monovalent metals (Ag, Tl) are added. However, 
when two impurities of different type are intro- 
duced together in a rather high concentration 
like 1:108, new effects appear that are not found in 
layers of pure lead oxide. 

Firstly, when the capacitance of such a sandwich 
cell is measured by means of an a.c. bridge at a 
low frequency (10-1000 c/s), it is found that the 
capacitance has become strongly dependent on 
the illumination level. This is not the case with 
pure lead oxide layers possessing only a deviation 
from stoichiometry. So, for a particular layer, an 
increase from 4000 pF in the dark to 65,000 pF 
with an illumination level of approximately 20 lux 
was measured. At the same time the losses ex- 
pressed as a tan 6, did not exceed 0-2 at 1000 c/s, 
and did not increase with a weak illumination. 

From these observations, it must be concluded 
that the contact is separated from the relatively 
well conducting bulk by a narrow blocking layer, 
the width of which decreases strongly upon 
illumination. 

The second way in which the properties of 
activated layers deviate from those made with 
pure PbO is represented in Fig. 5. The photo- 
current grows linearly with the light intensity at 
low light levels, just as in pure layers. However, 
at a certain point, the photocurrent suddenly 
starts to grow more than linearly with the illumina- 
tion level. The light intensity at which this happens 
depends on the temperature as well as on the 
concentration of the impurities present. As soon 
as the current-light curve becomes superlinear, 
the saturating current-voltage characteristic which 
exists at low light levels changes into a linear or, 
at high excitation levels, superlinear dependence. 
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Fic. 5. Intensity dependence of photocurrent in activated 
layers at different temperatures, (a) curve for an un- 
activated layer, (b) curve for a highly activated layer. 


In these regions the photocurrent gain factor may 
be as high as 1000. 

Gain factors of this order of magnitudes are also 
found for the currents occurring during peaks in 
thermostimulated current curves. These curves 
show maxima corresponding to those of pure PbO. 
However, the peaks are higher and they grow much 
faster than proportional to the excitation. Further- 
more, electron peaks as well as hole peaks grow 
superlinearly with the applied voltage. So the 
possibility of distinguishing between electron traps 
and hole traps by means of this voltage dependence 
does not exist here. Only by comparison with the 
behaviour of corresponding peaks in pure samples 
may a distinction sometimes be made. 
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These phenomena, which indicate that re- 
plenishment of holes has now become possible, 
can be explained from the narrowing of the 
blocking barrier, as was indicated by the capacit- 
ance measurements. It is assumed that, at a certain 
illumination density, the barrier becomes so 
narrow, and thus the field strength so high, that 
penetration of the barrier by means of a tunnel 
effect becomes possible. The ‘‘transparency” of 
a barrier with constant space-charge density is 
proportional to exp[—(a/QV)1/2], where a is a 
constant, V the voltage difference across the 
barrier and Q the space-charge density inside it.) 
This function varies so steeply with OV that a 
critical value of this product may be considered 
to exist, above which tunnelling and thus re- 
plenishment of charge carriers takes place. If we 
assume that the amount of negative charge trapped 
in the contact region increases with the excitation 
density, a critical illumination level must also 
exist at which replenishment of holes just starts. 
If complete replenishment of iil holes drawn by 
the field from the anode region were to take place, 
a higher illumination level would no longer result 


in a higher space-charge density, because in this 
case the increase in electron concentration (free 
and trapped) would equal the increase in hole 
concentration. Thus the superlinear part of the 
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photocurrent-light characteristic must be con- 
sidered as a transition from the blocking case to 
this situation. This region of very high light 
intensities and high photocurrents in which the 
latter would be controlled by the recombination 
lifetime could not be covered experimentally. 

An indication of the depth of the level controlling 
the contact action is obtained by plotting against 
1/T the current at the bend of the photocurrent 
light characteristic. In this way a slope of 0-5 eV 
is found. Approximately the same activation energy 
is found from plots of the decay time against 1/7. 
So it seems that the response time of the photo- 
current is determined mainly by the contact 
region. 
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DISCUSSION 


D. R. FRANKL: In germanium and silicon, contact 
properties are primarily determined by surface states. 
Are similar effects found in CdS and other photocon- 
ductors? 


W. Ruppev: Surface states enter implicitly into the 
band picture in that they modify the amount of energy 
that appears as the difference in the effective work 


functions between the contact material and the photo- 
conductor. The observation whether a contact appears 
ohmic or blocking is therefore affected by the presence 
of surface states. Only since the surfaces of crystals 
grown from the vapor phase usually do not receive any 
further treatment by grinding, etching, etc., surface 
states in these crystals are less extensively discussed 
explicitly than they are for germanium or silicon. 
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Abstract—Low temperature measurements are carried out on single crystals of ZnS, ZnSe, CdS, 
and CdSe in order to study the fine structure of some optical and electrical properties which are in- 
fluenced by low energy effects. These include phonons, excitons, and valence band splitting. 

From the investigation of infrared luminescence in ZnS : Cu it can be concluded that the emission 
is connected with electron transitions between two localized energy levels of the luminescent center. 
The structure of the emission spectrum can be explained on the assumption that the luminescence 
may take place with the simultaneous emission of one of several longitudinal optical phonons. 

The mechanism of edge emission in CdS can be fully understood by comparison with photo- 
conductivity. From this it follows that the emission is caused by the recombination of a free electron 
and a trapped hole on a level near the top of the valence band. This level is split into two sub-levels, 
according to the splitting of the valence band, so explaining the existence of two systems of small 
bands. The separation of the bands within each of these systems is equal to the energy of the longi- 
tudinal optical phonon. 

The measurements of line spectra of CdS in the emission, absorption, and reflection add some 
new experimental data to those already existing in the literature. The multiplicity of the spectra can 
be explained by phonon interaction, band splitting, and by hydrogen-like series of excited states of 


excitons. 


Zusammenfassung—Bie tiefen Temperaturen wurden an Einkristallen aus ZnS, ZnSe, CdS, und 
CdSe Messungen zum Studium der Feinstruktur einiger optischer und elektrischer Eigenschaften 
durchgefiihrt. Hierbei wurden Erscheinungen wie Phononenwechselwirkung, Exzitenen- und 
Valenzband-Aufspaltung untersucht, die durch das Auftreten sehr kleiner Energiewerte gekenn- 
zeichnet sind. 

Untersuchungen der Ultrarot-Lumineszenz von ZnS:Cu zeigen, dass diese Emission mit Elek- 
troneniibergangen zwischen zwei lokalisierten Energieniveaus des Lumineszenzzentrums verkniipft ist. 
Die Struktur des Emissionsspektrums lasst sich durch die Annahme erklaren, die Lumineszenz 
finde unter gleichzeitiger Emission eines oder mehrerer longitudinaler optischer Phononen statt. 

Der Mechanismus der Kantenemission von CdS ist durch einen Vergleich mit der Photoleitung 
widerspruchsfrei zu deuten. Demnach entsteht die Emission bei der Rekombination eines freien 
Elektrons mit einem gebundenen Defektelektron an einem Term nahe der oberen Kante des Valenz- 
bandes. Eine Aufspaltung dieses Terms in zwei Niveaus, die der Aufspaltung des Valenzbandes 
entspricht, erklart das Auftreten von zwei Systemen schmaler Banden. Der Abstand der Banden 
innerhalb eines jeden dieser Systeme ist gleich der Energie eines longitudinalen optischen Phonons. 

Die Messungen der Linienspektren von CdS in Emission, Absorption und Reflexion erginzen die 
aus der Literatur bekannten experimentellen Daten. Die Multiplizitét der Spektren kann durch 
Phononen—Wechselwirkung, Bandaufspaltung und durch eine wasserstoffahnliche Serie angeregter 


Exzitonenzustande erklart werden. 


EINLEITUNG UND UBERSICHT schen und elektrischen Eigenschaften der II-VI- 
NACHDEM es R. FRERICHS im Jahre 1945 gelungen Verbindungen in standig zunehmender Zahl 
war, Kadmiumsulfid-Kristalle synthetisch her- durchgefiihrt worden. Besonders iiber Kadmium- 
zustellen,"!) sind Untersuchungen iiber die opti- sulfid, den Prototyp des Photohalbleiters, und 
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Zinksulfid, den Prototyp des Kristallphosphors, 
liegt heute ein umfangreiches experimentelles 
Material vor. Viele Messungen wurden von 
Zimmertemperatur bis herab zur Temperatur der 
fliissigen Luft ausgedehnt, jedoch gibt es bisher 
nur wenige Untersuchungen bei sehr tiefen Tem- 
peraturen, der Temperatur des fliissigen Heliums 
und darunter. Auf eine 1951 von C. C. Krick®? 
veroffentlichte Arbeit iiber die Lumineszenzeigen- 
schaften verschiedener Phosphore bei 4°K folgten 
erst in den letzten Jahren mehrere weitere Unter- 
suchungen bei Heliumtemperatur. Das Hauptin- 
teresse galt der Feinstruktur von Elektronenni- 
veaus nahe der Bandkante®-®); einige andere 
Arbeiten betrafen Probleme der Zyklotronreso- 
anz‘?), der Anti-Stokes-Lumineszenz®), und des 
Leitungsmechanismus im Gebiet der Stérstellen- 
streuung”™), 

Die relativ kleine Zah] von Experimenten bei 
4°K erklart sich aus dem erheblichen apparativen 
Aufwand, mit dem das Arbeiten mit fliissigem 
Helium verbunden ist, besonders wenn man ge- 
zwungen ist, das verdampfende Helium in einem 
geschlossenen Kreislauf wieder aufzufangen. Die 
Einrichtung eines Tieftemperatur-Laboratoriums 
in unserem Institut hat es erméglicht, eine Reihe 
von Untersuchungen der Photoleitung und ver- 
schiedener optischer Eigenschaften an von uns 
geziichteten Kristallen aus ZnS, CdS, ZnSe und 
CdSe bei der Temperatur des fliissigen Heliums 
durchzufiihren. 

In der vorliegenden Arbeit behandeln wir die 
Ultrarot-Lumineszenz von ZnS, die 
emission von ZnS, CdSe, ZnSe und die Linien- 
spektren von CdS. 

Die im Kapitel 
Messungen der Ultrarot-Lumineszenz von ZnS 
fiihren friihere Arbeiten zur Klarung der ener- 
getischen Struktur des Leuchtzentrums fort. Es 
zeigt sich, dass fiir das Stérzentrum zwei ver- 
schiedene Energieniveaus anzunehmen sind und 
die UR-Emission Ubergiingen zwischen diesen 
beiden Niveaus zuzuordnen ist. Die Aufspaltung 
des Emissionsspektrums in verschiedene Teil- 
Abgabe eines oder 


Kanten- 


ersten wiedergegebenen 


banden lasst sich durch 
mehrerer Phononen deuten. 

Die im zweiten Kapitel behandelten Messungen 
der Kantenemission fiihren zu einer Einordnung 
der hierbei auftretenden Elektroneniiberginge in 


das Termschema der Kristallphosphore. Aus dem 
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Vergleich der Lumineszenz mit der Photoleitung 
kann man schliessen, dass eine Rekombination von 
freien Elektronen mit gebundenen Defektelek- 
tronen stattfindet. Das Emissionsspektrum zeigt 
bei CdS nicht nur eine Vielfalt der Banden infolge 
Phononen—Wechselwirkung, sondern auch eine 
weitere Struktur, die der Aufspaltung des Valenz- 
bandes entspricht. Bei CdSe und ZnSe konnte 
eine Struktur nicht nachgewiesen werden. 

Die im dritten Kapitel behandelten Messungen 
der linienhaften Emission, Absorption und Re- 
flexion an CdS im Bereich der Bandkante er- 
ganzen das in der Literatur bereits vorliegende 
Material und erméglichen eine sinnvolle Ordnung 
der zahlreichen Linien. Die Multiplizitat der 
Spektren lasst sich gut erklaren durch Phononen- 


Wechselwirkung, durch die Aufspaltung des 


Valenzbandes und durch eine wasserstoffahnliche 
Serie von Anregungszustanden der Exzitonen, 
deren Bindungsenergie mit der Energie des longi- 
tudinalen optischen Phonons tibereinstimmt. 


APPARATUR 

Zur Messung der optischen und elektrischen Eigen- 
schaften bei tiefen Temperaturen wurden die unter- 
suchten Kristalle in einem mit zwei Quarzfenstern ver- 
sehenen Metall—Dewargefass derart angebracht, dass 
sie von zwei Seiten bestrahlt bzw. beobachtet werden 
konnten. Bei dem in Abb. 1 gezeigten Kryostaten befand 
sich der Kristall im Vakuum und hatte iiber eine Legie- 
rung von Indium und Quecksilber guten thermischen 
Kontakt mit dem von innen durch fliissiges Helium 
gekiihlten Kristallhalter. Die genaue Angabe der Kri- 
stalltemperatur ist hier schwierig, jedoch diirfte bei der 
guten Wéarmeleitfahigkeit der Kristalle kein allzu 
grosser Temperaturunterschied zwischen der Messstelle 
und dem Kristallhalter bestanden haben. Fiir Messun- 
gen, bei denen auf gréssere Genauigkeit der Tempera- 
turangabe Wert gelegt wurde, konnte der innere 
Behalter durch ein Glasgefiss ersetzt werden, in welchem 
sich der Kristall direkt in fliissigem Helium befand. Von 
Nachteil ist hier, dass ein Einfluss des Heliums auf 
die Eigenschaften der Kristalloberflache nicht ausge- 
schlossen werden kann. Die Kontrolle des Helium- 
standes erfolgte nach einer neuartigen Methode,(®) bie 
der die Widerstandsanderung einer stromdurchflossenen 
Wolframwendel Ubergang vom fliissigen in 
gasformiges Helium ausgenutzt wird. 

Die Untersuchung der linienhaften 
Absorptions-und Reflexionsspektren des Kadiumsul- 
fids erfolgte mit Hilfe eines Vierprismenspektrographen 
(R. Fuess, Berlin), der bei einer Wellenlange von 5000 A 
ein Auflésungsvermégen von 20 A/mm hat. Angeregt 
wurden die Kristalle mit der von einem Scuortt-Filter 
UG 11 durchgelassenen ultravioletten Strahlung einer 
Quecksilberdampflampe HBO 200 (Osram GmbH); fiir 
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Ass. 1. Kryostat zur Messung der Photoleitung und der 
optischen Eigenschaften von Kristallen bei tiefen 
Temperaturen. 


die Aufnahme der Absorptions- und der Reflexions- 
spektren verwendeten wir eine Projektionslampe. Zur 
besseren Lokalisierung von starken und schwachen 
Linien auf derselben Aufnahme setzten wir vor den 
Eingangsspalt des Spektrographen ein 6-Stufen-Filter, 
das die Lichtintensitét im Verhaltnis 100 :3:6:12: 
25 :50:100 variiert. Die wiedergegebenen Spektren 
zeigen daher eine dieser Abstufung entsprechende 
Struktur von 7 Streifen. 

Wenn giéssere Wellenlangen—Bereiche erfasst werden 
sollten, wurden die Emissionsspektren mit einem Doppel- 
Monochromator (Carl Leiss, Berlin) und einem rot- und 
ultrarotempfindlichen Photomultiplier (Fernseh-AG) 
aufgenommen. Zur Aussonderung von breiteren Spek- 
tralbereichen fiir die Anregung benutzten wir zum Teil 
auch Interferenzfilter. Die Spektren im Ultraroten wur- 
den mit einer Wechsellicht-Methode unter Verwendung 
eines Einfach-Monochromators mit Quarzprisma und 
eines Bleisulfid-Photoleiters erhalten. 


ULTRAROT-EMISSION VON ZINKSULFID 

GarLickK und Dums.eTon"!) fanden 1954 an 
kupferaktiviertem Zinksulfid eine strukturierte 
Emission im Spektralgebiet zwischen 1,4 und 
2,0, die besonders bei der Temperatur des 


fliissigen Stickstoffs stark ausgeprigt war. 
BrowneE"2) fiihrte 1956 eine ausfiihrliche Unter- 
suchung durch, bei der Emissions- und Anre- 
gungsspektren sowie Intensitaits- und ‘Tempera- 
turabhangigkeiten verschieden praparierter Zink- 
sulfid- und Kadmiumsulfid-Phosphore gemessen 
wurden. Die drei von ihm gefundenen Teilbanden 
ordnete er verschiedenen Elektronentibergangen 
im Bandermodell einschliesslich zweier diskreter 
Niveaus zu. Den Einfluss der Priparationsbedin- 
gungen auf die UR-Emission verfolgten APPLE 
und PRENER"®) ; ihre Ergebnisse bestatigten die 
Notwendigkeit der Anwesenheit von Kupfer fiir 
das Auftreten dieser Lumineszenz. 

Messungen iiber Zusammenhinge zwischen der 
UR-Emission und anderen optischen Eigenschaf- 
ten sowie der Photoleitung fiihrten I. BRosER und 
H.-J. Scoutz"4) zur Aufstellung eines Energie- 
modells des fiir die UR-Emission verantwort- 
lichen Leuchtzentrums. Danach fiihrt der Uber- 
gang von Elektronen zwischen zwei diskreten 
Energietermen, entsprechend einem Ubergang 
im Innern des Zentrums, zur Aussendung der 
ultraroten Lumineszenz, wahrend Uberginge aus 
dem Leitungsband in eines der beiden Energieni- 
veaus die sichtbare Lumineszenz liefern. Die 
Absorption der die UR-Emission anregenden 
Strahlung erfolgt entweder durch Anregung eines 
Elektrons vom Valenzband in den oberen un- 
besetzten Term oder durch einen zur UR—Emission 
inversen Elektroneniibergang zwischen den beiden 
Niveaus des Zentrums. Diesen Mechanismus 
erkennt man gut aus den bei 4°K und 80°K auf- 
genommenen Anregungsspektren der UR-Lumi- 
neszenz (Abb. 2). Das besonders bei 4°K stark 
ausgepragte Maximum bei A = 1,35 ym entspricht 
dem Ubergang innerhalb des Zentrums, das relativ 
breite Plateau in Bereich 0,8 um > A> 0,5 um 
dem Ubergang aus dem Valenzband in den oberen 
Term. 

Im Zusammenhang mit der Frage nach der 
Entstehung des Doppelterms war von verschie- 
denen Autoren vermutet worden, das als Akzeptor 
eingebaute Kupfer kénne ausser dem Grundzu- 
stand auch noch angeregte Zustinde fiir Defekt- 
elektronen besitzen und der Ubergang zwischen 
diesen Zustanden fiihre zur Emission und Absorp- 
tion von ultrarotem Licht. Wenn dies die Ursache 
fiir die beobachteten zwei Niveaus ist, sollten bei 
tiefen Temperaturen weitere, sonst durch die 
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Ass. 2. Anregungsspektrum der Ultrarotlumineszenz 
eines ZnS-Kristalles bei gleichzeitiger Blaueinstrahlung 


(A = 436 nm). 


Nahe der Bandkante verdeckte, angeregte Terme 
auftreten. Man findet jedoch im Gebiet um 
A = 0,9 um bei Abkiihlung auf 4°K bis auf eine 


geringfiigige Verschiebung nach langen Wellen 
hin keine merkliche Strukturinderung im Anre- 
gungsspektrum. Daher muss man annehmen, das 
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nachste angeregte Niveau lage bereits im Valenz- 
band oder ein anderer Mechanismus sei fiir das 
Auftreten des beobachteten Doppelterms verant- 
wortlich. 

Eine Schwierigkeit bei dem von uns vorgeschla- 
genen Modell des Leuchtzentrums bestand darin, 
dass die UR-Emission nur bei Ubergingen 
zwischen den zwei diskreten Energieniveaus auf- 
treten soll, dass aber mindestens drei Teilbanden 
beobachtet werden, deren Intensitatsverhaltnisse 
von der Temperatur und den Anregungsbedin- 
gungen fast unabhingig sind. Um der Struktur der 
UR-Emission Rechnung zu tragen, haben wir 
eine Aufspaltung der Niveaus angenommen, “4? 
ohne aber eine physikalische Ursache _hierfiir 
angeben zu kénnen. Die von BRowNE"2) ausge- 
sprochene Vermutung, dass ahnlich wie bei der 
Kantenemission eine Phononen—Wechselwirkung 
vorliegen kénne, schien sich nicht zu bestitigen, 
da die Abstinde der drei Teilbanden dann gleich 
sein miissten, was offensichtlich nicht der Fall war. 
Bei einem genauen Studium des bei 4°K aufge- 
nommenen Spektrums (Abb. 3) fiel uns jedoch 
auf, dass der Abstand zwischen den beiden gut 
ausgepragten Maxima doppelt so gross wie der 
Abstand zwischen dem Haltepunkt bei 0,705 eV 
und dem Maximum bei 0,75 eV ist, dass die 
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Ass. 3. Teilbandenzerlegung der Ultrarotlumineszenz eines ZnS-Kristalles bei 4°K. 
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Ass. 4. Emissions- und Reflexionsspektren von CdS-Kristallen bei 4,2 
und 77,3°K (400 nm > Aanregung > 300 nm). 
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Differenz aus den letzten beiden Werten, 0,045 eV, 
etwa der aus der Literatur™5) bekannten Energie 
des longitudinalen optischen Phonons des ZnS 
entspricht und dass die Banden unsymmetrisch 
sind. Eine Zerlegung des Spektrums in symme- 
trische Teilbanden von der Seite hoher Energien 
her liefert nun ein iiberraschendes Ergebnis : Das 
Spektrum enthalt mindestens fiinf Adquidistante 
Banden, die alle etwa eine Halbwertsbreite von 
0,04eV und einen gegenseitigen Abstand von 
0,045 eV haben. Zu klaren bleibt noch die Frage, 
warum bei der UR-Emission keine gleichmissige 
Abnahme der Intensitét der Maxima mit wach- 
sender Zahl der beteiligten Phononen erfolgt, wie 
es z.B. bei der Kantenemission der Fall ist. 


KANTENEMISSION VON CdS, CdSe UND ZnSE 

Kadmiumsulfid hat eine besonders bei tiefen 
Temperaturen ausgepragte Emission im Gebiet 
der Bandkante,"16) die aus einer Vielzahl von 
schmalen Banden und Linien besteht (Abb. 4). 
Man unterscheidet im Hinblick auf Struktur und 
Wellenlange zwei Bereiche,“”) einen langwelli- 
geren, griinen Teil, der aus Banden besteht, und 
einen kurzwelligeren blauen Bereich, der haupt- 
sichlich Linien enthalt. Wahrend man die linien- 
hafte blaue Emission mit Exzitonenzustanden in 
Verbindung gebracht hat,) wird fiir die griine 
‘“‘Kantenemission”’ ein Zusammenhang mit Gitter- 
fehlern™8) vermutet. 

Viel diskutiert wurde die Frage, ob fiir diese 
Kantenemission freie Elektronen oder freie Defek- 
telektronen verantwortlich sind. LAmBr, KLIck 
und DexTerR®) deuteten ihre auch die Photoleitung 
einschliessenden Versuche mit der Annahme, dass 
eine Rekombination von gebundenen Elektronen 
mit freien Defektelektronen stattfindet. Andere 
Autoren", 20) zeigten, dass das bekannte ScHON- 
K1asENsche Modell die Messungen besser wieder- 
gibt. Peprorttr und ReryNo.Lps®!) untersuchten 
die ‘Temperaturabhingigkeit des Emissionsspek- 
trums im Gebiet zwischen 4°K und 77°K und 
beobachteten dabei zwei verschiedene um +0,016 
eV bzw.—0,023 eV gegeneinander verschobene 


Bandensysteme, von denen eines bei héheren, das 
andere bei tieferen Temperaturen starker ausge- 
pragt war ; die Frage nach der Beteiligung freier 
Elektronen oder freier Lécher am Leuchtprozess 
bleibt aber auch hiernach noch offen. 

Eine Entscheidung hieriiber sollte der Vergleich 


zwichen Lumineszenz und Photoleitung bringen ; 
wenn freie Elektronen—die Trager der Leit- 
fahigkeit beim CdS — am Leuchtprozess beteiligt 
sind, miisste das Abklingen gleich schnell ver- 
laufen. Abb. 5 zeigt einen Vergleich zwischen 








Abklingen der roten Lumineszenz und des 
eines CdS-Kristalles bei Zimmertem- 


peratur (Aanregung 518 nm). 


ABB. 5. 
Photostromes 


der Photoleitung und der roten Emission (A = 
7200 A) bei Zimmertemperatur, Abb. 6 den 
Vergleich mit der griinen Kantenemission bei 
4°K. Man erkennt die gute Ubereinstimmung 
im Abklingen zwischen Photoleitung und roter 
Lumineszenz, obwohl durch die ‘Temperatur- 
ainderung die Abklingzeit um zwei Gréssenord- 
nungen verandert wurde, und man sieht auf Abb. 
6 ferner, dass auch die griine Emission den 
gleichen zeitlichen Verlauf wie die Photoleitung 
aufweist. Hieraus kann geschlossen werden, dass 
es sich bei der Kantenemission von CdS um die 
Rekombination eines freien Elektrons mit einem 
gebundenen Loch handelt. 

Nicht nur bei CdS, sondern auch an anderen 
II-VI-Verbindungen tritt eine Kantenemission 
auf. So berichtete Kr6GER"®) bereits 1940 iiber 
die Tieftemperaturlumineszenz von reinem ZnS 
und ANDREss und Mo.titwo'?2) beobachteten eine 
entsprechende Emission beim ZnO. In allen 
Fallen wurde eine Aufspaltung in eine Reihe von 
schmalen Banden gleichen Ab- 
standes gefunden, was sich durch eine Wechsel- 
wirkung der Leuchtzentren mit Phononen deuten 
lisst. Beim CdS betriagt diese Verschiebung 
0,038 eV (vgl. Abb. 4) und ist identisch mit der 
im  Ultrarot-Absorptionsspektrum gefundenen 
Energie des longitudinalen optischen Phonons."? 
Die Moéglichkeit, diese Energie im sichtbaren 


energetischen 
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Ass. 6. Abklingen der roten und griinen Lumineszenz und des 
Photostromes eines CdS-Kristalles bei 4°K (Aanregung = 489 nm). 


Spektralbereich vorzufinden, veranlasste uns, auch 
an anderen von uns geziichteten Kristallen die 
Kantenemission zu studieren. Wahrend wir an 
ZnS-Kristallen bisher keine derartige Lumi- 
neszenzerscheinung finden konnten, war sie bei 
ZnSe und CdSe leicht zu messen (Abb. 7). Die 
beiden Emissionsmaxima bei 4590 A (ZnSe) und 
6830 A (CdSe) sind gegeniiber CdS um +0,25 eV 
bzw.—0,63 eV verschoben, was relativ gut mit der 
Verschiebung der Bandkanten (Ecas ~ 2,55 eV, 
Eznse 2,75 eV, Ecase © 1,85 eV) iibereinstimmt. 

Im Gegensatz zu CdS zeigen die in Durch- 
strahlung gemessenen Spektren von CdSe und 
ZnSe keinerlei Aufspaltung der Kantenemission 
in Teilbanden. Auch bei vergleichenden Unter- 
suchungen mit dem hoéher auflésenden Spektro- 
graphen konnte nur eine relativ breite Bande 
gefunden werden. Beim ZnSe tritt aber bei etwa 
4375 A eine noch kurzwelligere schmale struktu- 
rierte Bande auf, die offensichtlich der blauen 
Fluoreszenz des CdS entspricht. Ob der Wert der 
Phononenenergie bei ZnSe und CdSe zu klein®)) 
ist, so dass die Aufspaltung der Kantenemission 
nicht mehr zu erkennen ist, oder ob dieser Effekt 
bei den Seleniden iiberhaupt fehlt, muss zunichst 
offen bleiben.* 

* Anmerkung bei der Korrektur. HALstep und Mit- 
arbeitern (J. Phys. Chem. Solids 22, 109 (1961) konnten 
die Phononenaufspaltung auch an den Seleniden und 
Telluriden des Zn und Cd nachweisen und zeigen, dass 
die Energiedifferenz zwischen den Banden gleich der 
jeweiligen aus dem Ultrarotspektrum bekannten Energie 
der longitudinalen optischen Phononen ist. 





Die Kantenemission von CdS zeigt, wie schon 
erwahnt, neben der Aufspaltung durch Phononen- 
Wechselwirkung noch eine weitere Unterteilung 
in jeweils zwei Banden, wie sie auch in Abb. 4 
erkennbar ist. Da die Energiedifferenz +0,016 eV 
betrigt2)) (vgl. Abb. 4, Kristall 12281) und damit 


gerade dem Abstand der beiden oberen Valenz- 


binder gleicht, ‘23) liegt es nahe, ‘entsprechend der 
Bandaufspaltung auch eine Aufspaltung des 
Stérterms anzunehmen. @4) 


LINIENSPEKTRUM DES KADMIUMSULFIDS 

Die Feinstruktur der Absorption, Emission und 
Reflexion von Kadmiumsulfid-Kristallen bei 
Wellenlangen nahe der Bandkante wurde bei 
tiefen ‘Temperaturen von mehreren Autoren unter- 
sucht. Gross und Mitarbeiter.) studierten 
eingehend die linienhafte Struktur des Absorp- 
tionsspektrums und die Zusammenhinge mit den 
Anregungsspektren der Photoleitung, GriLLoT“) 
berichtete tiber das Auftreten von schmalen 
Emissionslinien im Gebiet zwischen 4850 und 
5000 A und Dutron®5) fand im Reflexionsspek- 
trum zwei scharfe Minima bei 4840 und 4870 A. 
In den Jahren 1959 und 1960 erschienen drei 
weitere Arbeiten iiber diese Probleme, in denen 
sehr genaue Angaben iiber Einzelheiten der 
Linienspektren gemacht wurden. GRILLOT, GROSS 
und Mitarbeiter® verglichen das Emissions- 
spektrum reiner Kristalle mit dem Absorptions- 
vermdégen und steigerten die Messgenauigkeit bis 
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7. Emissionsspektren eines ZnSe-, eines CdS-und eines CdSe-Kristalles 


bei 4°K. (Anregung jeweils in Grundgittergebiet nahe der Absorptionkante). 


auf Bruchteile eines Angstrém ; Tuomas und 
HoprieLp*) fiihrten eine sorgfaltige Analyse der 
von ihnen gefundenen Reflexionsspektren durch 
und verkniipften die auftretenden Strukturen mit 
drei Exzitonenserien, die sie der Aufspaltung des 
Valenzbandes zuordnen. Aus der Beobachtung 
angeregter Exzitonenzustande und deren Polarisa- 
tionseigenschaften schlossen sie auf die Bindungs- 
energie der Exzitonen und auf die Symmetrie- 
eigenschaften von Valenz-und Leitungsband. 
Korrelationen zwischen den Emissions- und den 
Reflexionseigenschaften bestanden bei ihnen nur 
bei 77°K. PeproTtTI und REyNoLps'!) deuteten die 
von ihnen aufgenommenen Emissionsspektren auf 
Grund eines Energiemodells, das die Existenz von 
Stérzentren voraussetzt. Sie weisen besonders 
darauf hin, dass die Vielzahl von Linien und 
Banden durch eine Wiederholung der primiren 
Spektren im Abstand der Energie des longitudina- 
len optischen Phonons (~ 0,038 eV) hervorgerufen 
wird. 

Vergleicht man die drei zuletzt genannten 
Untersuchungen, so findet man zwar in einigen 
Fallen eine iiberraschend gute Ubereinstimmung 
der Resultate ; es bestehen aber teilweise auch 


erhebliche Unterschiede in den experimentellen 
Befunden und deren theoretischen Deutungen, 
so dass es gerechtfertigt erschien, weitere Messun- 
gen mit den uns zur Verfiigung stehenden Kri- 
stallen durchzufiihren. Insbesondere haben wir 
versucht, Reflexions-, Absorptions- und Emissions- 
spektren am gleichen Kristall in gleicher Anord- 
nung aufzunehmen und die ganz offensichtlich 
vorhandenen Zusammenhinge zwischen ihren 
Strukturen deutlicher als bisher aufzuzeigen. 

Emissions- und Reflexionsspektren wurden an 
einer Reihe von reinen und dotierten Kristallen 
verschiedener Schichtdicke aufgenommen. Es 
zeigte sich eine gute Ubereinstimmung der Lage 
der auftretenden Linien bei allen untersuchten 
Kristallen ; dagegen traten erhebliche Abweich- 
ungen in den Intensititsverhaltnissen der Linien 
von Kristall zu Kristall auf. 

Bei der Temperatur des fliissigen Stickstoffs 
zeigen hauptsichlich dicke und weniger reine 
Kristalle eine helle Lumineszenz in Form einer 
etwas verwaschenen Linienstruktur (Abb. 4, 
Kristall 12281). Es tritt eine schmale Bande bei 
4843 A, eine breitere bei 4870 A und eine weitere 
Linie bei 4883 A auf. Reinere Kristalle haben bei 
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Ass. 8. Emissions- und Reflexionsspektrum eines CdS-Kristalles, 
aufgenommen mittels Mikrophotometer, und Anregungsspektrum 
der Photoleitung bei 77°K. 


sehr schwache 


kurzwelligen 


nur 
beiden 


Temperatur eine 
Emission. Zwischen 
Emissionslinien und den Linien des Reflexions- 
spektrums (Abb. 4, Kristall 12285) besteht gute 
Ubereinstimmung. Dies erkennt man auch gut 
aus Abb. 8, die ausserdem noch einen Vergleich 
mit der Photoleitung enthalt, wo ebenfalls eine 
Feinstruktur gefunden wurde. 6.29.30) Wenn man 
die beiden steilen Flanken des Photoleitungs- 
spektrums dem Minimum der Reflexion bzw. 
dem Maximum der Emission zuordnet, ist ein 
Zusammenhang deutlich sichtbar. Die Emissions- 
und Reflexionsmessungen entsprechen weitgehend 
den Resultaten von THomas und Hoprre_p'?) 
und von Dutron®5) und Lempickr’2?), Neu 
erscheint lediglich die Tatsache, dass die Hellig- 
keit der Linien bei unseren Kristallen relativ gross 
ist und bei Abkiihlung auf 4°K nicht wesentlich 


dieser 
den 


steigt. 

Bei 4°K beobachtet man gegeniiber 77°K eine 
Verschiebung der drei Linien um ca, 20A ins 
kurzwellige Gebiet des Spektrums, zusitzlich 
erscheint jetzt aber noch eine gréssere Zahl 
weiterer Linien, die vor allem im langwelligen 
Teil des Spektrums liegen. Bemerkenswert er- 


scheint zunichst, dass die bei 77°K kurzwelligste 
Linie jetzt wieder mit der Linie des Reflexions- 
spektrums (4823 A) iibereinstimmt. Messungen 
mit zeigen, dass das Licht hier im Gegensatz zu 
allen iibrigen Linien auch einen erheblichen 
polarisations filter mit E|| zur c-Achse polarisierten 
Anteil enthalt. Dies unterstreicht die Zugehérig- 
keit zur kurzwelligen Reflexionslinie, die auch bei 
Polarisation des auffallenden Lichtes mit E£|| zu c 
vorhanden ist. Ferner fallt eine besonders im Re- 
flexionsspektrum stark ausgepragte Linie bei 
4852 Ains Auge, die bei der Emission mit EF 1 c 


polarisiert ist), Bedeutsam erscheint uns ausser- 


dem eine schwache Emissionslinie bei 4814 A, die 
ebenfalls im Reflexionsspektrum vorhanden ist und 
an derselben Stelle das von THomas und 
HoprFIe_p gefundene schwache Reflexions minimum 
liegt. Diese Linie kénnte, den Vorstellungen der 
eben genannten Autoren folgend, dem ersten ange- 
regten Zustand eines Exzitons zugeordnet werden. 

Versucht man, in dem Linienspektrum, das 
durch Phononen-Wechselwirkung noch _viel- 
faltiger gestaltet wird, eine Systematik zu finden, 
so erscheint es uns sinnvoll, bei der zuletzt 
genannten Linie 4814 A zu beginnen. Handelt es 


wie 
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sich um den ersten angeregten Exzitonenterm, so 
wire die Linie bei 4852A der dazugehérige 
Grundzustand. Nach héher angeregten Zustainden 
sucht man im kurzwelligen Teil des Spektrums 
aber wohl vergeblich, weil das starke Absorptions- 
vermégen des Kristalles fiir mit Ec polarisiertes 
Licht eine méglicherweise vorhandene Emission 
nicht nach aussen gelangen lasst. Nun kehrt aber 
das Spektrum infolge Phononen-Wechselwirkung 
noch mehrmals, um jeweils 0,038 eV nach langeren 
Wellenlangen hin verschoben, wieder, der 
Grundzustand (A = 4852 A) bei 4926A und 
5003 A, der erste angeregte Zustand (A = 4814 A) 
bei 4887 A, 4960 A und 5036 A. Da die Intensi- 
titsverhaltnisse sich in den Spektren héherer 
Ordnung umkehren (die Linie des angeregten 
Zustandes ist jetzt intensiver als die des Grund- 
zustandes), wird es méglich, auch noch weitere 
Linien einer Exzitonenserie zu finden. Auf Abb. 4 
erkennt man im “Spektrum erster Ordnung”’ eine 
scharfe und starke Linie bei 4868 A (mit korre- 
spondierenden Linien bei 4940 A und 5019 A) 
und eine etwas verbreiterte Linie bei 4863 A (hier 
sind die korrespondierenden Linien in den 


Spektren héherer Ordnung nicht mehr zu sehen). 


Beide Linien, die einem zweiten und dritten 
Anregungszustand des Exzitons zuzuordnen 
waren, sind stark mit # Lc polarisiert, die energie- 
armere aber schwicher als die energiereichere. 
Wiahrend die meisten Linien eine scharfe kurz- 
wellige Grenze haben, scheint die 4863-—Linie 
nach kurzen Wellenlangen hin verbreitert zu sein 
und enthalt anscheinend noch eine weitere Fein- 
struktur (26), Es liegt nahe, hier eine Uberlagerung 
von Linien in der Nahe der Seriengrenze zu ver- 
muten. Die Grenze selbst diirfte bei etwa 4858 A 
liegen. 

Damit haben wir ein Termschema gefunden, 
das grosse Ahnlichkeit mit den an anderen 
Stoffen gefundenen wasserstoffahnlichen Spektren 
von Exzitonen aufweist. Die gefundenen Energie- 
werte 2,511 eV, 2,531 eV, 2,541 eV und 2,545 
eV riicken immer naher zusammen und konver- 
gieren zu einer Seriengrenze bei 2,549 eV. Die 
Termfolge lasst sich allerdings nach einem Gesetz 
von der Form E = A—(B/n?) nur darstellen, 
wenn man den Wert fiir » = 1 ausnimmt (vg. 
z.B. die entsprechende Beobachtung von 
NIKITINE®8) am Absorptionsspektrum des PbJ2). 
Man erhialt dann fiir B einen Wert von 0,07 eV, 


der sich erheblich von dem von THomas und 
HoprFig_p"3) angegebenen Wert von 0,028 eV 
unterscheidet. Die Bindungsenergie des Exzitons 
ergibt sich zu £}— Ea = 0,038 eV und stimmt mit 
der Energie des longitudinalen optischen Phonons 
iiberein. Das Ende einer Serie fallt mit dem 
Beginn der Serie niederer Ordnung zusammen. 

Offen bleibt zunachst die Frage, aus welchem 
Grunde angeregte Zustinde der mit dem kurz- 
welligen Reflexionsmaximum iibereinstimmenden 
Linie bei 4823 A nicht gut sichtbar in Erscheinung 
treten ; eine schwache Andeutung der Linien ist 
teilweise vorhanden. 

Ein Problem bildet ferner die Deutung der 
ganz unsystematischen Intensitatsverhaltnisse der 
einzelnen Linien, die zudem von Kristall zu 
Kristall schwankt. Die dem Anregungszustand 
n = 2 entsprechende Linie ist z.B. bei einem in 
Abb. 9 wiedergegebenen Spektrum eines sehr 
diinnen Kristalles kaum vorhanden, wahrend die 
iibrigen Linien gut ausgebildet sind ; die von 
PEDROTTI und REYNOLDs vertretene Meinung, dass 
sie bei Kristallen, die keine griine Kantenemission 
zeigen, stets fehlen sollte, konnten wir allerdings 
nicht bestatigen. Zu vermuten ist, dass die Inten- 
sitétsverhaltnisse vom Stérstellengehalt des Kri- 
stalles abhangen. 

An einem dinnen Kristall (d = 3 um) wurde 
auch das Absorptions spektrum aufgenommen 
(Abb. 9). Man erkennt zunachst die gute Uber- 
einstimmung der starken Banden mit den beiden 
Reflexionsminima, was noch besser mit polarisier- 
tem Licht verdeutlicht wird. Zahlreiche Banden 
des Absorptionsspektrums erscheinen bei diesem 
diinnen Kristall nochmals im Reflexionsspektrum 
als helle Bereiche, was wohl daran liegt, dass 
bevorzugt solche Wellenlangen reflektiert werden, 
die der Kristal besonders stark absorbiert. 

Die kurzwellige Grenze, bis zu der Licht durch- 
gelassen wird, liegt bei 4782 A und entspricht dem 
Ubergang unteren Valenzband in den 
Exzitonenterm n=2. Den Wert Ab- 
standes zwischen oberstem Valenzband und Leit- 
ungsband erhalt man, wenn man die fiir das 


vom 


fiir des 


Exzitonenspektrum 1. Ordnung gefundene Serien- 
grenze bei 2,549 eV um die Phononenenergie 
0,038 eV verschiebt. Es ergeibt sich also der 
Bandabstand des CdS bei 4°K zu 2,587 eV fiir das 
oberste Valenzband bzw. 2,603 eV fiir das zweite 
Valenzband. 





222 I. BROSER, R. BROSER-WARMINSKY, G. KLIPPING, R. RASS und H.-J. SCHULZ 


LITERATUR 


. Frericus R., Naturwiss. 33, 281 (1946). 
2. Kuck C. C., J. Opt. Soc. Amer. 41, 816 (1951). 
. Gross E. F. und Jakosson M. A., Dokl. Akad. 
Nauk SSSR 102, 485 (1955). 
. Grittot E., J. Phys. Radium 17, 822 (1956). 
. Lampe J. J., Kuicxk C. C. und Dexter D. L., 
Phys. Rev. 103, 1715 (1956). 
. Gross E. F., Kapiianski A. A. und Novikov B. V., 
Dok. Akad. Nauk. SSSR 111, 761 (1956). 
7. Dexter R. N., J. Phys. Chem. Solids 8, 494 (1959). 
3. Broser I., BroseR-WARMINSKY R. und ScHULZz 
H.-J., Proc. Internat. Conf. on Semiconductor 
Physics, Prague 1960, Czech. J. Phys. 771 (1961). 
. Pipex W. W. und Hatstep R. E., Proc. Internat. 
Conf. on Semiconductor Physics, Prague 1960, 
Czech J. Phys. 1046 (1961). 
. Kurpprnc G. und Rass R. C. Kailtetechnik 3, 283 
(1961). 
. Garuick G. F. J. und DumMBLETON M. J., Proc. 
Phys. Soc. Lond. B67, 442 (1954). 
. Browne P. F., J. Electron. 2, 1 (1956). 
. PRENER J. S. und Appte E. F., J. Phys. Chem. Solids 
13, 81 (1960). 
. Broser I. und Scnuurz H.-J., J. Electrochem. Soc. 
108, 545 (1961). 
. Haas M. M. C. und Matuiev J. P., J. Phys. 
Radium 15, 492 (1954). 
. Krocer F. A., Physica 7, 1 (1940). 


17. Furtone L. R. und Ravitious C. F., Phys. Rev. 
98, 954 (1955). 

18. Kuvp B. A. und Ke.tey R. H., J. Appl. Phys. 31, 
1057 (1960). 

19. Couns R. J., J. Appl. Phys. 30, 1135 (1959). 

20. Broser I. und BroseR-WARMINSKY R., Solid State 
Physics in Electronics and Telecommunications Vol. 
4, p. 680, Academic Press London (1960) (Proc. 
Internat. Conf. Brussels, June 2-7, 1958). 

. Peprotti L. S. und ReyNo tps D. C., Phys. Rev. 
120, 1664 (1960). 

. ANDREss B. und Mottwo E., Naturwiss. 46, 623 
1959). 

. THomas D. G. und Hoprie.p J. J., Phys. Rev. 116, 
573 (1959). 

. Brraan J. L., J. Electrochem. Soc. 107, 409 (1960). 

. Dutton D., Phys. Rev. 112, 785 (1958). 

. Bancie—GRILLoT M., Gross E. F., Grittot E. und 
RazBIRINE B. S., C.R. Acad. Sci. (Paris) 248, 86 
(1959), 

. Lempicki A., Proc. Phys. Soc. Lond. 74, 138 (1959). 

. NIKITINE S., Helv. Phys. Acta 28, 308 (1955). 

. BOer K. W. und Gutyaur N., Z. Phys. 152, 203 
(1958). 

. Broupe V. L., FREMENKO V. V. und CHIKOVANI 
N. N. Dokl. Akad. Nauk. SSSR 119, 911(1958). 

. Mitsutsut A., YOSHINAGA H., und Fuyjita S., J. 
Phys. Soc. Japan 13, 1235 (1958). 


DISCUSSION 


A. HALPERIN: The system of lines classified by the 
author as hydrogen-like series (for CdS) do not look to 
have shapes and intensity ratios as one would expect 
for such a series. I wonder how many lines were ob- 
served in a series, or what was the highest m of the 
observed lines. 

I. BrosEr: The shape of the exciton-series seems to be 
understandable if phonon-interactions are taken into 
account. The ratio of the intensities of the lines is indeed 
difficult to explain, as it varies from crystal to crystal. 
Defect or impurity states apparently control the bright- 
ness of the lines. The highest m of the lines, which could 
be observed, so far, was 4. 


R. E. HAustep: Do you find that the infrared emission 
attributed to Cu impurity in CdS can also be constructed 
from a series of emission lines separated by the longi- 
tudinal optical phonon energy? 


I, BroseR: We have not yet measured the emission 
spectrum of CdS at low temperatures. From the 
similarity of emission spectra of ZnS—Cu and CdS—Cu 
at 77°K it might be expected that the construction of 
infrared emission by a series of equally spaced bands will 
also be possible with CdS. It seems, however, that the 
distance of the bands in this case is somewhat greater 
than the energy of the longitudinal optical phonon. 
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STRUCTURES OF PHOTOCONDUCTIVITY SPECTRA 
AND RELATED PHENOMENA OF CADMIUM SULPHIDE 


HIROJI MITSUHASHI 


Technical Research Laboratories, Japan Broadcasting Corporation (NHK), Kinuta, Setagaya, Tokyo 


Abstract—Single crystals of highly pure CdS show the structures of photoconductivity spectra 
near the absorption edge at liquid nitrogen temperature. For specimens of high photosensitivity, a 


prominent structure is observed on the longer wavelength side of the exciton band (A 


> 4870 A), 


which is presumably due to imperfections in crystals. Structure of this kind is different in nature 
from that appearing in the exciton band. The specimen giving pronounced peak at room temperature 
undergoes infra-red quenching of photoconductivity, indicating that there must be a certain correla- 
tion of the defect responsible for the quenching with that for the photoconductivity structure in the 


imperfection band. 


INTRODUCTION 

THE CdS crystal of high response has quite a 
sharp single peak of photoconductivity near the 
fundamental absorption edge at room tempera- 
ture") and the peak gets fairly distinct structures 
at lower temperature.'2:3.4) Several investigators 
have reported that the crystal of high sensitivity 
shows the occurrence of infra-red quenching of 
photocurrent. 6) 

One of the principal purposes of this paper is 
to study the origin of photoconductivity, especially 
of the peak on the longer wavelength side of the 
exciton band. Infra-red measurements are also 
provided to aid in correlating the experimental 
data with the properties associated with the crystal 
defect. 

In a previous paper) the photoconductivity 
structures of highly pure single crystals near the 
absorption edge at 81°K were discussed to some 
degree. Measurements were made of spectral 
distribution of the structures and spectral depend- 
ence of decay time of the response as well. It was 
ascertained from data concerning exciton band',9) 
that the structures were classified into two groups. 
One, which occurred in the shorter wavelength 
range (A < 4870 A) was attributed to the photo- 
conductivity due to excitons. The other, denoted as 
I band, was attributed to that from some crystal im- 
perfections, which appeared on the longer wave- 
length side of the former. The I band generally 
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emerged at the longer wave side of the exciton band 
where the absorption coefficient was considerably 
lower. Therefore the free carriers due to the I band 
were generated in the bulk and have a long lifetime. 
Thus the I band exerted an important bearing on 
the photosensitivity of the crystal. The peak of this 
band was generally more prominent for the more 
photosensitive material. The mechanism of I band 
photoconductivity could be inferred that the 
electrons excited from the filled band to the I band 
would be ionized into the conduction band through 
absorption of phonons. 

Referring to the infra-red quenching, BuBE has 
made a detailed study according to a hypothesis 
advanced by Rosge™®), He assumed two classes of 
recombination centers owing to crystal defects, 
class 1 and class 2. These could be associated on 
electrostatic grounds with the anion and cation 
vacancies respectively. Infra-red light excited the 
trapped holes in class 2 centers from their ground 
states to higher levels for holes lying close to the 
filled band. Here they could be ionized thermally 
into the filled band, with a resulting decrease of 
photoconductivity due to bias illumination. 


EXPERIMENTAL 


For measurement at low temperatures, 
cryostat is designed to hold the crystals.(7) The cryostat 
is kept evacuated in order to avoid the influence of 
atmosphere. All of the crystals were grown by sub- 
limation from pure CdS powder. 


a simple 
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The monochromator used to measure the photocon- 
ductivity due to the I band is a modified Cary spectro- 
photometer Model 14. The resolution of the instrument 
is adjusted to be about 2 A. In general a photoconduc- 
tivity structure comes out at the longer wavelength side 
of the exciton band as illustrated in Fig. 1. Samples of 


$$$, 


ao a , | 





Fic. 1. The spectral structures of I band photocon- 
ductivity (specimen No. 7, 109°K, electric light vector 


E | c, 50 V/cm). 


poor response do not exhibit well-defined I band 
structure. In addition the I band shows its peak at 
different wavelengths, depending on each sample, 
while the peak of some samples emerges in the long 
wavelength region in the exciton band. One of the re- 
markable properties of this band is that the peak is field 
dependent. The wavelength at which the maximum 
occurs shifts to longer wavelength as the applied field is 
increased as given in Fig. 2, while no shift of the peaks 
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Fic. 2. Dependence of wavelength of the peak for I band 

on the electric field at 109°K (specimen No. 7, E | c 
electrode distance 2-5 mm). 


for exciton photoconductivity can be observed within 
the experimental errors. More careful spectral observa- 
tion concerning the I band photoconductivity reveals 
that the sensitive specimens show very narrow but weak 
structures comprising several lines, each being about 2 A 
or less wide as shown in Fig. 1. Wavelengths of the fine 
structures vary from one sample to another. 

In order to get any relationship between the centers 
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characteristic of I band photoconduction and infra-red 
quenching, the measurement described below was made 
at room temperature. At this temperature the augmented 
infra-red quenching is obtained at 1-4 microns. The 
spectral structure near the absorption edge is changed 
from its appearance at lower temperatures to a con- 
siderable degree. As the temperature of the sample is 
increased above 80°K the I band retains its shape, but is 
displaced to longer wavelength. The structure due to 
exciton formation is diminished. Thus the sensitivity of 
the crystal at room temperature is dominated by the 
response due to I band with a peak around 510 mp, 
varying somewhat according to each sample. For primary 
infrared illumination a spectrophotometer is used with 
a rock salt prism. Bias irradiation from a tungsten lamp 
is introduced to the sample through an interference filter 
with transmission maximum at 5560A (halfwidth of 
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Fic. 3. The photoconductivity peak height due to I band 
as a function of infra-red quenching for different speci- 
mens. 


about 100 A). Figure 3 shows I band height versus the 
degree of infra-red quenching for different specimens. 
Standardization of both the I band value and infra-red 
quenching is arbitrarily made on the photocurrent at 
4400 A. That is, 100 per cent of the I band corresponds 
to the case where the photocurrent is equal for the I 
band, and 4400 A-illumination. The quenching repre- 
sents the ratio of the decrease in the bias photocurrent, 
due to infra-red irradiation of constant intensity, to the 
current due to bias illumination only. The strength of 
the bias photocurrent is so controlled as to make the 
bias photocurrent equal to the value of the current at 
4400 A. From Fig. 3 one can easily confirm a tendency 
that the crystals which show sharp I band are more 
infra-red sensitive. 


DISCUSSION 


Because all the specimens under investigation 
are highly pure, the centers causing I band 
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photoconductivity and infra-red quenching are 
probably due to stoichiometric imperfections. 
Assignment of the photoconductivity spectra as 
due to I band can be given primarily on the basis 
of their different nature from exciton photocon- 
ductivity. As was stated earlier the peak of I band 
exhibits a field-dependent shift. This effect is pre- 
sumably due to the strong local field strength near 
the imperfections involved in crystals where 
absorption of I band and generation of the free 
carriers occur. It is also reported by WiLLr1AMs"?) 
that the optical absorption edge tends to shift to 
longer wavelength with an increase of applied 
electric field on account of tunnel effect of optically 
excited electrons. Most of the I states fall within 








M3 


(a) (b) 
Fic. 4. A tentative energy diagram illustrating (a) the 
photoconductivity due to I band and (b) infra-red 
quenching. 





about 0-02 eV of the exciton state at 80°K accord- 
ing to the present experiment. In the imperfection 
band several weak lines of photoconductivity about 
2 A are seen at irregular spacings. ‘THOMAS and 
HopriELD") stressed that a favorable mechanism 
for the radiative decay of excitons could be pro- 
vided by “impurity states’ situated 0-015 eV 
lower than the main exciton band. They also noted 
that fluorescence spectra at liquid helium tem- 
perature consisted largely of the sharp lines. Most 
of them were narrow of half-widths of the order 
of 10-4 eV. By reflecting on the appearance of the 
fine structures and spectral range, a close correla- 
tion between the imperfection that gives rise to 
I band photoconductivity to the “‘impurity”’ state 
which takes part in the fluorescence is presumed. 
Considering that the crystal which exhibits photo- 


225 


conductivity peak is believed to involve a sulphur 
deficiency,"!2) the defect responsible for I band 
seems to be associated with the same sulphur 
vacancy. 

From the measurement of quenching strength 
as a function of temperature the thermal activation 
energies for infra-red quenching were estimated 
at about 0-6 and 0-20 eV for 0-95 and 1-4 micron 
band respectively in the temperature range lower 
than —40°C."3) These energy values are consider- 
ably different from the activation energy of the I 
band which corresponds to the difference of I 
band from the conduction band (about 0-05 eV). 
Thus I band and infra-red quenching band can be 
thought of as occurring from centers which are 
different in physical nature. As stated in the intro- 
duction the defect levels responsible for the infra- 
red quenching can be assumed to be associated 
with the cation vacancy. 

However, a close parallel exists between the two 
types of centers which cause I band photocon- 
ductivity and infra-red quenching as seen from 
Fig. 3. Such centers can be thought to arise from 
the groups which comprise cadmium and sulphur 
vacancies. 


CONCLUSION 
Certain conclusions can be drawn from the 


above-mentioned argument. The photoconduc- 
tivity structures outside the exciton band will be 
due to the crystal imperfection, which may be 
associated with sulphur vacancies. The infra-red 
quenching is due to an imperfection presumably 
associated with cadmium vacancies. Yet a certain 


correlation exists between the two centers in 
physical respects. Further experimental investi- 
gations will be required in order to get direct 
identification of the imperfections causing a 


variety of the physical properties inherent to CdS. 
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DISCUSSION 


H. Mitsuwasut: I have not made any measurement on 
the crystal doped with Cu. 


R. E. Hatstep: The quenching levels you describe 
have previously been correlated with the presence of 
Cu in CdS. Do you have any measurement of the 
residual Cu content of your crystals? 
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PHOTOCONDUCTIVITY OF ZINC OXIDE 
AS A SURFACE PHENOMENON 


G. HEILAND 


Universitat Erlangen-Niirnberg, Germany 


Abstract—Up to now photoconductivity of zinc oxide has not been reported as a bulk effect in 
single crystals. The most prominent feature of the photo-surface conductivity (single crystals and 
evaporated layers) is the increase with the surface conductivity in the dark through several orders 
of magnitude. At present it seems probable that this connection is caused by traps for the majority 
carriers (electrons), whereas the influence of light intensity is determined by trapping of minority 
carriers. This model is based upon measurements of field effect and photoconductivity at the same 
crystals. Some conclusions concerning the storage and the recombination of electrons and holes at the 
surface are drawn. Trap densities and lifetimes are estimated. 


1. INTRODUCTION 

ZINC OXIDE is now well known as an n-type semi- 
conductor having a large band gap (about 3 eV). 
Not only bulk but also surface properties of syn- 
thetic single crystals have been studied by several 
authors. 1,2,5-8) Whereas hydrogen or zinc vapor 
can produce surface donors, adsorbed oxygen has 
been found to bind electrons and to decrease the 
always n-type surface conductivity. This genera- 
tion of surface states by adsorbed gases results in 
the formation of a space charge layer at the surface. 
An excess of donors at the surface is connected 
with an accumulation layer and the bands are 
bent down. On the contrary an excess of oxygen 
causes a depletion layer and the bands are curved 
upwards. 

Photoconductivity of zinc oxide has 
observed so far only as a surface phenomenon and, 
without sensitization by adsorbed foreign sub- 
stances, merely with light in the spectral region 
of the fundamental absorption.“%-7) Mostly a 
wavelength of 3650 A has been used having a pene- 
tration depth of about 2x 10-5cm. Therefore a 
great deal of the light energy is absorbed within 
the space charge region at the surface. 

The bulk conductance of the single crystals at 
90°K was immeasurably low and the dark con- 
ductance was located in an accumulation layer at 
the surface. All measurements of photocon- 
ductivity and field effect have been performed in 


been 


2xiO- 


a vacuum after a surface treatment by heating or 
by the action of gases to adjust the surface con- 
ductivity to the desired value. The photocurrent 
is carried by electrons, 1®) 

Figure 1 shows an example for the change of 





4G,= Photo -surface-conductivity 





G-= Dark surface-conductivity 


Surface conductivity, 





sec 


Fic. 1. Surface conductivity of a ZnO crystal as a function 
of time during irradiation with light. hv = 3-4 eV, 
T = 90°K. Four-contact method.(”) 


photoconductivity with time. Besides the fast and 
reversible increase of surface conductivity during 
irradiation there is also a slow rise which is irre- 
versible in a vacuum. It is connected with the 
photodesorption of atomic oxygen") which was 
bound in the lattice or adsorbed at the surface. 
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Also deep traps for holes may cause a slow process 
at low temperatures. In this paper the fast process 
will be treated. 


2. DEPENDENCE OF PHOTOCONDUCTIVITY ON 
DARK CONDUCTIVITY 


Figure 2a shows that the photoconductivity in- 
creases with the dark conductivity through several 
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crystals, but also for evaporated layers.) The re- 
lation is not sensitive to the way the dark surface 
conductivity has been changed, by a short heat 
treatment in hydrogen, by the action of atomic 
hydrogen at low temperatures, or by electron 
bombardment (removal of oxygen from the 
surface). Also a stepwise oxygenadsorption has 
been used. 
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Fic. 2. (a) Photo-surface conductivity AGz, as a function 
of dark surface conductivity Go. 90°K. (b) Drift mobility 
“py for the same crystal as a function of surface con- 


ductivity G. 90°K.(®) 


orders of magnitude (cf. Fig. 1). For low con- 
ductivities the rise is proportional, for higher con- 
ductivities the curve can be approximated by a 2/3 
power law. This was found not only for single 


According to Fig. 2a the lifetime of electrons in 
the conduction band increases with the electron 
density. The first models tried to explain this fact 
by the assumption that excess zinc atoms%»11) or 
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the adsorbed oxygen“®) play a decisive role for the 
generation and recombination of carriers in the 
photoconductivity. New light was shed upon this 
problem by the field effect experiment, which 
allowed to study the change of surface conductivity 
by a known density of induced carriers without 
the complication of recombination processes. ‘6 
The surface conductivity G is connected with the 
micromobility jc and the surface density Noe 
(cm~?) of conduction electrons in the accumulation 
layer by 
G = epcNc (1) 


From the observed change of surface conductivity 
AGra by the induced electron density ANrg a field 
effect mobility urq can be derived for sufficient 
small changes: 

ra = AGra/eAN ra (2) 


Figure 2b shows an increase with the surface con- 
ductivity through several orders of magnitude. 
Somewhat similar results have been obtained by 
KRUSEMEYER®), 

The only possible explanation is that merely a 
small fraction (ANc) of the induced electrons 
(ANra) contributes to the surface conductivity. 
The main part is trapped (ANsj). With increasing 
surface conductivity the conduction band at the 
surface approaches the Fermi level and a growing 
fraction of the induced charge appears in the 
conduction band. The derived mobility refers to 
the sum of mobile and trapped electrons and may 
be called a drift mobility. Using Boltzmann 
statistics and assuming a continuous energy dis- 
tribution of traps S, one can explain the observed 
dependence of drift mobility 4p on surface con- 
ductivity: 

ANc G 


PY UC = — 
. ANs 2eSnk yi 


(3) 
With the exception of high conductivities ANg in 
the denominator is negligible. 

On some premises a drift mobility can also be 
derived from measurements of the photoconduc- 
tivity with chopped light. © (Fig. 2b, upper curve.) 
Using eqn. (3) a trap spectrum has been calculated 
(Fig. 5a). The logarithmical plot of surface con- 
ductivity corresponds to a linear scale of electron 
energy as long as Boltzmann statistics are valid and 
the mobility zc is constant. The conduction band 


ANc 
“ANc+ANs 





LD = HL 
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at the surfaces may reach the Fermi level for 
G = 10-° ohm~!. Below that limit the spectrum 
is about 14k7' wide (90°K). One has to regard 
that for an accumulation layer the electron con- 
centration mp at the very surface is proportional 
to N2 and G2."2) For low conductivities the trap 
density is constant, for higher values the power law 
of Fig. 2b can be ascribed to an exponential energy 
distribution of traps"); 


Sn Ww exp[ —(Ec —E)/En], (4) 
Ec = edge of the conduction band, 
En ~ 6kT ~ 4-6 x 10-2 eV 


From a comparison of the curves in Fig. 2b and 
2a the conclusion results that also the dependence 
of photoconductivity on surface conductivity is 
caused by trapping of electrons and that re- 
combination processes do not influence this re- 
lation. 


3. DEPENDENCE OF PHOTOCONDUCTIVITY ON 
IRRADIATION INTENSITY 

The photoconductivity increases with a low 

power of light intensity 7, between 1/2 and 1/3, 

for thin layers as well as for single crystals (Fig. 3). 
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Fic. 3. Photo-surface conductivity AG, as a function of 

irradiation intensity J for the same crystal as in Fig. 2, 

a and b. Jp = 4°8x10!5 absorbed quanta/cm®? sec. 
hv = 3-4 eV. 90°K.(6) 
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The explanation takes into account the derived 
drift mobility. By combining parts a and 6 (upper 
curve) of Fig. 2 one obtains the density of excited 
electrons AN*, including conduction band (AN¢c) 
and traps (ANs): 

AG, ; : : 

—— = ANc+ANs = AN* = Ix 7*. 

ELD 


(3) 


Density AN* and lifetime 7* of the excited states 
are quite independent of dark conductivity, that is 
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independent of electron density and excitation 
rate. Hence nearly all recombination centers must 
be occupied by electrons whereas the trapped holes 
are protected against recombination with electrons 
(see Section 4). 

From Fig. 3 a continuous trap spectrum can be 
derived with the assumption that the distribution 
of holes between traps and valence band is 
given by a quasi Fermi level (Fig. 5b). The loga- 
rithmical plot of intensity, increasing downwards, 
corresponds then to a linear energy scale, increas- 
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Fic. 4. Lifetime 


7* of excited states as a function of surface 


conductivity G, calculated from Figs. 2 and 3. 


of electron density Nc in the conduction band and 
therewith of the bending of the bands at the sur- 
face. This is shown by Fig. 4 for several light in- 
tensities J. In spite of a variation of the surface 
conductivity through four orders of magnitude the 
lifetime of excited states changes only by a factor 
of 1-5. Therefore no free electrons should be in- 
volved in the recombination process. 

For an explanation of this fact a model is pro- 
posed subsequently: the photoconduction is 
carried by electrons and the holes are mainly 
trapped. A small fraction of them is mobile for 
recombination with a constant lifetime 7,, which is 


ing upwards. The distance from the valence band 
is not known. A reasonable description of the trap 
spectrum is given by 

Sp ~ exp[—(E—Ey)/Ep], (6) 
Ey = edge of the valence band, Ep changing from 
2kT to 3 kT (1-6 to 2-3 x 10-2 eV). The width of 
the spectrum amounts to about 10 k7. With in- 
creasing irradiation intensity the quasi Fermi level 
approaches the valence band and an increasing 
fraction of holes is free for recombination. That 
causes the decrease of the lifetime of excited states 


T*, 
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Fic. 5. (a) Density of trapping states for electrons Sn vs. 
surface conductivity G, calculated from Fig. 2b, upper 
curve. (b) Density of trapping states for holes Sp vs. 
light intensity J, calculated from Fig. 2b and Fig. 3. 


4. NATURE OF THE TRAPS 

It has been shown in the previous Sections, that 
both odd power dependences of photoconductivity, 
on dark conductivity and on irradiation intensity, 
can be referred to exponential energy distributions 
of trapping states for electrons respectively for 
holes. As a completion to Fig. 5 the distribution of 
traps through the energy gap can be seen in Fig. 6. 
The derived continuous distributions of states 
cover only a very small fraction of the wide gap. 

The traps for electrons are located at the surface 
or in the space charge layer because of their action 


in the field effect. They are not effective for re- 
combination. There may be a continuum of traps 
(total density about 10!%cm-?) in the range 
covered by the Fermi level during the change of 
the surface conductivity through four orders of 
magnitude. Also another possibility should be 
mentioned: with increasing surface conductivity 
a band of surface donors arises while the main 
charge transport still happens in the conduction 
band. The density of states at the Fermi level in 
this donor band is then found in Fig. 5a. The in- 
crease of trap density starts at about 0-05 eV below 
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the conduction band. This is the activation energy 
found by Hutson for zinc and hydrogen donors at 
low concentrations in the bulk (Hall effect). 
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Fic. 6. Density of trapping states vs. electron energy. 

No density or energy is known for the recombination 

centers. Also the distance of the traps for holes from the 
valence band has not been estimated. 


At higher conductivities the surface donor band 
may merge with the conduction band. A surface 
conductivity of 10-4ohm-! (Nc ~ 6x 1012 cm-?) 
is completely independent from temperature 
(300—60°K). Finally a continuum of surface states 
can also be found if a single level crosses the Fermi 
level inside the space charge layer. 

The traps for holes must be located near the 
traps for electrons with regard to neutralization of 
charge. The density of trapped carriers can exceed 
the density of electrons in the conduction band by 
several orders of magnitude. At the highest 
irradiation intensity (Fig. 3) there are about 
3 x 1012 trapped carriers per cm2. The simultane- 
ous increase of electron density in the conduction 
band can be as low as 10!9 cm~?. A spatial separa- 
tion of the two kinds of traps would result in 
bending of the bands and great changes of surface 
conductivity, which are not observed. With regard 
to the recombination process, which is independ- 
ent from the density of free electrons, the trapped 
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holes are protected against recombination with 
electrons, e.g. the traps may have a double 
negative charge in the empty state. Oxygen ions 
at the surface can satisfy the requirement. However 
the trap spectrum for holes has been found to be 
independent of the dark conductivity, that is from 
the coverage of the surface with adsorbed oxygen. 
Therefore also the oxygen bound in the lattice 
may provide hole traps at the surface or addition- 
ally in the bulk. 


5. LIFETIMES 

The time dependence for field effect and photo- 
conductivity at the same crystal is shown in Fig. 
7. In both cases the dependence on surface con- 
ductivity is equal (Fig. 2,b,a), whereas the response 
times are different. They are determined in the 
first case by electron traps and in the second by 
hole traps. 

Three different lifetimes are defined in the 
model. The lifetime 7* of excited states decreases 
with increasing irradiation intensity from 4x 10-1 
to 8x 10-4sec (Figs. 3, 4), but it is independent 
surface conductivity. The lifetime 7, of the photo- 
electrons in the conduction band is“4) 


ANc Ne 
to = Tt wy rh —__ (7) 
AN* 2SnkT 


It covers a range from 10-7 to 10-1 sec. The life- 
time 7, of free holes in the valence band is con- 
nected with r* in a corresponding way. No estima- 
tion can be given at present but ty < 7*. 

The diffusion of holes to the surface of a zinc 
oxide crystal under the influence of the field in the 
space charge layer has been theoretically treated 
in connection with the slow process.‘8) According 
to this calculation the diffusion rate depends on 
the bending of the bands. In the case of an 
accumulation layer the field drives the holes back 
from the surface, but the highest excitation rate 
is just at the surface. According to the present 
experiments the lifetime of holes should be com- 
pletely independent of the space charge layer. 
Perhaps the prevailing recombination takes place 
in the bulk. No specified considerations are given 
at present to the motion of holes. Nothing is 
known about the diffusion length. This is really 
an open question in connexion with the photo- 
conductivity of zinc oxide. 
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Fic. 7. Voltage across the crystal as a function of time 
during measurements of field effect and photoconduc- 
tivity. Recorder trace. In both experiments the same crys- 
tal, amplifier and recorder was used. 90°K. hv = 3:4 eV. 
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DISCUSSION 


G. K. GauLfé: Did you consider the possible influence 
of vacancies on these surface effects? 

G. HEILanb: There is little information about imper- 
fections in ZnO. An excess of zinc is connected with the 
presence of donors, which may be interstitial zinc atoms 
or oxygen vacancies occupied by electrons. A surface 
donor may also be created by atomic hydrogen: 

Ohiattice + Hess “i OH durtace + Corystal 

F. A. Hamm: (1) Are you sure that the chemisorbed 
oxygen (a hole trap for photoholes) is doubly negatively 
charged or might it be singly charged? Also, why do you 
assume hole trapping by lattice O- ~? 

(2) Is the surface of your zinc oxide crystals really 
zinc oxide or some nebulous hydrate? 

If you expose (photolyze) enough so as to consume all 
chemisorbed oxygen ions via photohole trapping, then 


if lattice oxygen ions become neutral through hole 


trapping they should escape into the vacuum and cause 


surface erosion. This erosion phenomenon has been 
shown for silver halides where the free halogen is the 
hole. 

G. HerLanp: (1) I do not know if the adsorbed oxygen 
is doubly or singly charged. If the adsorbed oxygen pro- 
vides mainly hole traps, the density of hole traps must 
depend on the coverage of the surface by adsorbed 
oxygen, but it is nearly completely independent of the 
dark surface conductivity, i.e. the density of adsorbed 
oxygen (see Fig. 4). Therefore one possible explanation 
may be the trapping of holes by lattice oxygen. This does 
not yet require photolysis. 

(2) The observed dependence of photoconductivity 
on dark conductivity and irradiation intensity is nearly 


independent of the way the surface conductivity was 
produced. After heating in a vacuum of 10-? Torr, the 
crystal, surrounded by a shield at liquid air temperature, 
shows the same effects. Also evaporated layers, just 
oxidized at 500°C, obey these laws. Experiments on the 
action of H, He and H2O have been carried out and 
were published several years ago. 


Note added in proof: 

There is some doubt if photolysis of ZnO does happen 
at all for quantum energies not much higher than those 
at the absorption edge. I refer to Disc. Faraday Soc. 28, 
(1959), contributions by TERENIN and SOLONITZIN and 
by HEILAND, and discussion remarks by STONE, by 
TERENIN and by HEILAND, pp. 28, 168, 72, 74, 75, 211, 
212. 


F, BRown: Why is it that photoconductivity cannot be 
observed for more penetrating light—or how about the 
use of penetrating ionizing radiation such as f-rays? 

G. HeEILanp: I would like to mention two possible 
reasons. The lifetime of excited states may be shorter 
in the bulk of the crystals, e.g. if the traps for holes 
exist only at the surface in a sufficient density. However, 
excitation in the bulk is a condition for bu'k photocon- 
ductivity. The absorption edge of ZnO is very steep 
and does not show a tail like the absorption edge of CdS. 
By heating in zinc vapor the crystals turn yellow and 
there is a reasonable absorption coefficient in the blue 
region of the spectrum, but at the same time the dark 
conductivity in the bulk is increased. No photocon- 
ductivity was detected during preliminary experiments 
with excitation in this absorption region. But yesterday 
F. HamM told me that f-ray excitation caused a transient 
increase of bulk conductivity. 
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USE OF PARAMAGNETIC RESONANCE TO DETECT 
OPTICAL PROCESSES IN PHOTOCONDUCTORS 


REUBEN S. TITLE 


International Business Machines Corporation, Thomas J. Watson Research Center 
Yorktown, New York 


Abstract—In photoconductivity the light induced transfer of charge from one impurity or defect 
site in the lattice to another is a common process. It is in fact while the charge is free that it contri- 
butes to the photocurrent. As a result the valence of the sites involved in the process will change by 
one. In principle this valence change should be observable using paramagnetic resonance absorption 
techniques because at each site we are going from a state with an even number of electrons to an odd 
number or vice versa. The use of paramagnetic resonance to detect light induced charge transfer will 
be illustrated by several experiments carried out on II-VI compounds doped with various im- 
purities. In addition to the observed valence change, interaction between defects in the lattice has 
been detected. The resonance technique is useful in that it isolates a single microscopic process 
occurring during photoconductivity and hence is a definite aid in setting up a model for the photo- 
conductive process. It will also be shown how the apparatus used to detect paramagnetic resonance 
can be used to measure microwave photoconductivity. The measurement does not require any 


electrodes on the sample. 


THE effect of impurities on the photoconductivity 
of several materials has been known almost as long 
as photoconductivity itself. It is only in com- 
paratively recent times, concurrent with the rise 
in understanding of the solid state, that a physical 
model has been advanced to explain the role of the 
impurities in the photoconductive process. The 
model involves charge transfer to and from the 
impurities which are assumed localized in the 
lattice. The charge transfer may result from such 
processes as excitation, both optical and thermal, 
from recombination with or without the emission 
of optical radiation, and from trapping. 

The detection of optically induced charge 
transfer by the use of paramagnetic resonance 
techniques will be described in this paper. Charge 
transfer processes that have been detected by this 
technique are illustrated in Fig. 1. In Fig. 1(a) 
light of energy equal to or larger than the band 
gap of the host material causes the formation of an 
electron-hole pair. These carriers may wander 
through the lattice contributing to the conduc- 
tivity. The carriers may however be trapped as 
shown at the levels due to added impurities or 
defects in the lattice. The impurity that gives rise 
to the hole trap is referred to as the activator and 
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that producing an electron trap is referred to as 
the coactivator. The time a carrier remains in a 
trap will depend on the relative energy separation 
of the trap from the conduction or valence band 
compared to kT. A level with a trapped carrier 
may serve as a recombination center for a carrier of 
opposite sign. Figure 1(b) illustrates the direct 
ionization by optical radiation of an electron from 
an activator level to the conduction band. The 
electron remains free in the lattice until it either 
recombines at the site of an ionized activator giving 
off the energy in the form of luminescence or is 
trapped at the coactivator level. If the depth of the 
coactivator level is large compared to kT the time 
the electron spends at this level is long and one 
has in effect stored energy in the material. The 
situation in Fig. l(c) is similar to that in 1(b) 
except that in this case an electron is optically 
excited from the valence band to an empty acti- 
vator site, leaving a hole in the valence band as the 
charge carrier. A recombination of the hole at an 
occupied coactivator site is shown. In Fig. 1(d) the 
activator and coactivator are assumed close 
enough in the lattice, perhaps due to an interaction, 
that light may cause a direct transfer of charge 
between activator and coactivator. The charge is 
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not free in this transfer and thus does not contribute 
to the conductivity. 

The net effect of all the processes illustrated in 
Fig. 1 is to change the number of electrons (or 
holes) at an impurity site. Whether a given site is 
paramagnetic or not depends on the pairing of 
electrons at that site. Alteration of the number of 
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microwave and magnetic fields required for para- 
magnetic resonance measurements is simultane- 
ously illuminated by monochromatic light (Fig. 2). 
The number of sites at which the charge has 
chahged must at least be equal to the sensitivity 
of the resonance apparatus. This number is a 
function of the lifetime of the charge at the site 


me A 
rz 














(0) 


Fic. 1. Optically induced charge transfer processes. 


electrons will result in a change in the pairing and 
the change should therefore manifest itself as a 
change in the paramagnetism of the sample. 
Either d.c. magnetic susceptibility or resonance 
measurements may be used, both being of roughly 
comparable sensitivity. ‘The resonance measure- 
ments are, however, more useful in that they may 
be used to identify the paramagnetic impurity and 
give information concerning the local symmetry 
at the impurity site as well as the number of such 
sites. Typical resonance spectrometers can detect 
on the order of 1014 paramagnetic centers. Since 
sample size is limited by cavity dimensions this 
represents a concentration of 1015 cm~-% or about 
a part in 107. 

The optically induced change in paramagnetism 
may be observed in a double resonance experi- 
ment in which the sample present in the usual 


and of the light intensity. The lifetime may be in- 
creased if necessary by lowering the temperature. 
High intensity lamps such as a high pressure 
xenon lamp or a high wattage tungsten filament 
lamp are used. With one kilowatt of power these 
lamps give about 5x 10! photons/cm2/sec into a 
10 millimicron bandwidth with the usual mono- 
chromators. 

Several unsuccessful attempts to observe optic- 
ally induced changes in paramagnetism have 
been made."-3) The first successful measurements 
were reported simultaneously by LAMBE et al.‘4) 
working with CdS:Fe and by the author®) work- 
ing with SrS:Eu, Sm. 

Several experiments which have since been 
carried out will now be described. These were 
performed on ZnS both impurity doped and self- 
activated. 
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A sample of ZnS:Gd, Cl‘ was found to show 
little or no paramagnetic resonance absorption in 
the dark. When the sample is irradiated with light 
near 385 my a resonance attributed to Gd%+ is 
observed. (The samples were generally poly- 
crystalline. However, there was sufficient align- 
ment of the crystallites in one sample to permit 
an identification of the seven line fine structure 
of the Gd8+ ion.) When the irradiating light is 
removed the resonance decreases slowly in magni- 
tude to half value in about one hour at room tem- 
perature. The magnitude of the resonance can, 
however, be quickly decreased by irradiating the 
sample with red or infra-red light. 
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Fic. 2. The apparatus shown schematically. 


A model capable of explaining the results is 
shown in Fig. 3 and Fig. 4. Gadolinium is assumed 
to enter the lattice as Gd?+. Light near 385 mu 
excites an electron from a Gd?* ion to the con- 
duction band. Some of these electrons may be 
trapped at some trap. This trap is presumably Cl- 
since GdClg was used in the preparation of the 
sample. The gadolinium is then present as Gd?" 
which has a half filled f shell of electrons and an 
8S7/2 ground state. The paramagnetic resonance 
spectrum of such a state is easily observed at room 
temperature. The slow decrease in the intensity of 
the spectrum on removal of light is presumably 
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due to the thermal release of electrons from the 
traps and their subsequent recapture at the Gd3+ 
sites. 
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Fic. 3. Excitation of ZnS:Gd. 


The rapid decrease in the magnitude of the 
resonance spectrum on shining red light on the 
sample is caused by the excitation of an electron 
from the valence band to a Gd*+ ion. The hole left 
in the valence band recombines with the trapped 
electron. The observed luminescence, phosphor- 
escence and quenching of the phosphorescence 
are in agreement with this model. 


QUENCHING 
ZnS: Gd 


CONDUCTION BAND 


ELECTRON 
TRAP 





VALENCE BAND 














Fic. 4. Quenching of ZnS:Gd. 


The model also predicts photoconductivity 
both during the excitation and quenching processes. 
The apparatus used to measure the paramagnetic 
resonance spectrum may also be used to detect 
photoconductivity. The apparatus as shown in 
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Fig. 2 that is used to measure paramagnetism con- 
sists of a microwave bridge that monitors the 
microwave impedance of the cavity normally 
balanced against a dummy load. With the sample 
placed in a region of the cavity with maximum 
microwave magnetic field (which is a region of 
zero electric field) the bridge may be used to 
detect changes in the magnetic impedance of the 
cavity caused by paramagnetic resonance absorp- 
tion or dispersion. By moving the sample into a 
region of non-zero microwave electric field the 
bridge is also capable of detecting changes in the 
electrical impedance of the cavity. Photocon- 
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Fic. 5. Resonance spectrum of self-activated ZnS co- 
activated with Al under 360 my illumination. 


ductivity manifests itself as a change in electrical 
resistance and may therefore be detected by this 
technique. It is often not necessary to move the 
sample in the cavity as the finite dimensions of the 
sample insure that some of the sample is in an 
electric field region. Either d.c. light may be used 
and the off balance condition detected by a meter 
in series with the monitoring crystal or else the 
light may be chopped so that a lock-in amplifier 
can be used. Variation in the frequency of the 
chopping light can be used to measure the kinetics 
of the photoconductivity. The magnetic field is 
of course not necessary during these measurements. 

No electrodes are required on the sample. The 
method is best suited for relative measurements as 
for example in plotting the spectral dependence of 
photoconductivity. Absolute measurements are 
possible but require careful calibration. 
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Photoconductivity measurements were carried 
out on ZnS:Gd, Cl. A steady state photoconduc- 
tivity was observed with 385 my on the sample in 
agreement with the model. With red light on the 
sample no photoconductivity was observed unless 
the sample had been first excited with 385 my. 
This conductivity was transient in character as 
one would expect from the model. It is due to 
holes in the valence band created by the excitation 
of electrons from the valence band into Gd** sites. 
As the number of Gd** sites decrease this current 
should decrease as was observed. The peak value 
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Fic. 6. The excitation spectrum for ZnS with zero added 
Al and 5 p.p.m. added Al. 


was about one tenth of the steady state photo- 
conductivity observed at 385 my. 

Some measurements performed on self activated 
ZnS coactivated with aluminum will now be 
described.“?) The sample was prepared from 
R.C.A. luminescent grade ZnS fired at 1100°C for 
two hours in a flowing HeS atmosphere. Spectro- 
scopic analysis showed the sample to contain 
about one part per million by weight of Al. In the 
dark no resonances were observed. With 360 myu 
on the sample the spectrum shown in Fig. 5 was 
observed. The spectrum was observed in crystals 
as well as powders and found to be isotropic. The 
spacing of the lines was such that the four re- 
solvable outer lines were believed to be part of a 
six line structure with the two inner lines obscured 
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by the large central peak. If the six lines are 
attributed to hyperfine structure of a nucleus with 
spin 5/2, possible nuclei are Zn®’ and Al?’. 
Naturally occurring zinc contains 4 per cent Zn®’. 
A sample enriched to 28 per cent in Zn§? showed 
no increase in the magnitude of the hyperfine 
structure. It was therefore inferred that Zn®’ was 
not the nucleus giving rise to the observed hyper- 
fine structure. Several samples with varying alu- 
minum concentration up to fifty p.p.m. (0-02 
molar per cent) were prepared. The resonance 
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Al+++ ion with which it is associated. Since the 
excitation energy is concentration dependent it is 
assumed that the excitation is direct. The zinc 
vacancy is doubly negatively charged with respect 
to the lattice and is compensated by two Al*+++ 
ions each of which is singly positive with respect 
to the lattice. After the excitation the zinc vacancy 
has a single negative charge and one of the associ- 
ated aluminum ions is present as Al**. Both the 
singly charged zinc vacancy and Al** are para- 
magnetic with a g value close to the free electron g 
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Fic. 7. The change in the energy of excitation as a 
function of aluminum concentration. 


spectrum remained unchanged. However, the 
energy of light necessary to produce the spectrum 
changed. This is shown in Fig. 6 which compares 
the results for zero added Al and 5 parts per 
million Al. A definite shift to lower energies is 
observed for both the peak and the long wave- 
length cutoff of the excitation. (The high energy 
tail on the 5 p.p.m. Al sample is probably due to 
the fact that band gap light at 3-7 eV may also con- 
tribute to the process in this case.) The change in 
energy relative to the zero added Al sample is 
plotted as a function of added Al on a log-log 
scale in Fig. 7. There is a —0-35 dependence on 
aluminum concentration at low concentrations 
with a levelling off at the high concentrations. To 
explain these results we use the model of Fig. 1(d). 
It is assumed that the excitation involves the 
transfer of an electron from a zinc vacancy to an 


value. It is therefore postulated that in the 
observed resonance (Fig. 5), the large central 
peak is due to the singly charged zinc vacancy and 
the six lines are hyperfine lines arising from the 
interaction of an electron at the aluminum site 
with an aluminum nucleus of spin 5/2. The 
observed A value is 12 x 10-4 cm=!. 

The variation in the energy necessary to excite 
the resonance with varying aluminum concentra- 
tion is due to a variation in the aluminum zinc 
vacancy separation. For low concentrations this 
separation should vary as the 1/3 power of the 
aluminum concentration. The observed —0-35 
dependence indicates that the fall in energy neces- 
sary to excite the resonance is proportional to the 
reciprocal of the activator—coactivator separation. 

Similar shifts have been observed in the excita- 
tion energy when either gallium or indium were 
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added. The hyperfine structure was, however, not 
observed. Because of the presence of two isotopes 
in each of these cases, the magnitude of the hyper- 
fine lines would be below the level of the noise. 
The excitation of Fe+*+ to Fe+** has also been 
observed in ZnS both in powders and single 
crystal samples. These experiments will be re- 
ported on at a later date. 
Acknowledgements—I wish to acknowledge the aid of 
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DISCUSSION 


G. F. J. Garuick: (1) Are you certain that the six 
peak resonance in ZnS—AlI is not due to Mn?* traces? 

(2) In the assumption of direct electron transitions 
between the cation vacancy and Al*+ there would appear 
to be difficulties as regards the high probability of the 
return transition. 

R. Tirte: (1) Our samples contained no Mn?+ and 
we could see about one part in 10’ if Mn** were present. 
Besides the A value (hyperfine structure) of Mn?* is 
65 x10-4cm~! whereas the A value of the reported 
hyperfine structure of this paper was 12 x 10-4 cm7!. 

(2) We are aware of this difficulty. One can, however, 
overcome it fairly easily. G. LasHEr, of our laboratory, 
has suggested that the transfer of charge may be via the 
excited state of one site (V Zn) to an excited state of the 
other site (Al). The electron at the aluminum site can 
thus remain at that site in the absence of any radiation. 

H. A. KLasens (comment): SmituH (I.B.M.) has been 
trying to confirm the author’s results on ZnS doped with 
Al. He was not successful. The only resonance peak he 
found at g ~ 1:995 was due to a trace of Cr. On cooling 
below room temperature, however, he found in Al con- 
taining ZnS phosphors a resonance at g = 1°88 after 
excitation. The fact that one has to cool to observe this 


is what one would expect, considering the shallow trap 
depth of Al. 

R. TiTLe: The absence of hyperfine structure on the 
g = 1-88 line suggests it may be due to something else 
beside Al**+: Our samples were shown spectroscopically 
to contain less than one part per million of chromium. 
We would therefore not attribute our line near g = 2:0 
to chromium. 

I. BRosER: Do you know the shape of the quenching 
spectra of your ZnS—Gd crystals? What was the con- 
centration of copper in your crystal? 

R. TiTLe: The quenching spectrum is given in refer- 
ence 6. It appears quite similar to that of Cu-doped ZnS. 
However, chemical analysis showed the Cu concentration 
to be less than three parts per million. The magnitude 
of the resonances we observed were more than an order 
of magnitude greater than what one would expect from 
this Cu concentration and besides could only be identi- 
fied with Gd** and not Cutt. 

F. G. ULLMAN: At what temperature was the infrared 
photoconductivity in the Gd-doped ZnS observed? 

Was this observed at all at low temperature? 

R. TiTLe: *Seasurements have thus far only been 
carried out ac room temperature. 
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IMPURITY PHOTOCONDUCTIVITY IN N-TYPE InSb 


E. H. PUTLEY 
Royal Radar Establishment, Malvern, England 


Abstract—Photoconductivity is observed when sufficiently pure n-type InSb is illuminated by 
radiation of wavelengths between 0-2 and 8-6 mm. The time constant of this effect has been found 


to be not greater than 1 psec. 


The electrical characteristics of the material showing this effect and the strong dependence of both 
the photoconductive and electrical properties upon a magnetic field are described. 


INTRODUCTION 
Tuis paper describes a photoconductive effect in 
n-type InSb which has been observed at sub-mm 
and mm wavelengths.) 

It has been found practicable to employ this 
effect to construct detectors for these wavelengths 
which have a sensitivity which compares favourably 
with that of the best thermal detectors but which 
have a much shorter time constant. This makes 
these detectors very suitable for studying radiation 
from pulsed sources such as plasma discharges* or 
shock tubes. In this paper, however, this aspect 
of the subject will not be pursued, but attention 
will be concentrated on the nature of the effect. 

Measurement of the electrical properties of 
fairly pure n-type InSb indicated that shallow 
impurity levels (~5x10-4eV) appear in the 
presence of magnetic inductions of about 5000 G. 
This suggested that impurity photoconductivity 
could occur at wavelengths-up to 2 to 3 mm. This 
effect was looked for and observed, but it was found 
that the effect could be detected at much longer 
wavelengths than expected (beyond 8 mm). 

The results to be presented consist mainly 
of a study of the responsivity and the electrical 
properties of this material. We have not yet been 
able to measure the absorption coefficient, so that 
any deductions we can make from the results 
obtained so far may require modification in the 
light of further evidence. 





* G. N. HARDING and V. Roserts, International Con- 
ference on Plasma Physics and Controlled Nuclear 
Fusion Research, Salzburg. September, 1961. 
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EXPERIMENTAL RESULTS 

The material used to study this effect contains 
an excess electron concentration of about 5 x 1018 
cm~3 (as determined by Hall effect measurements 
at 77°K). The electron mobility is greater than 
5 x 105 cm? volt-!cm=! at 77°K and at 4-2°K 
it is between 5 x 104 and 10°. Below 4-2°K the 
carrier freeze-out effect becomes quite marked in 
magnetic inductions as low as 3000 G in the best 
material. From these measurements the impurity 
ionization energy and the total impurity concentra- 
tion may be calculated using a similar method to 
that used for normal impurity levels. (Figures (1) 
and (2) show Hall coefficient and conductivity 
results.) The total impurity concentration is found 
to be about 5 x 10!4cm-%, This value is somewhat 
higher than might be expected but is not incon- 
sistent with the comparatively low mobility at 
4-2°K. At and below 4-2°K marked deviations 
from Ohm’s law occur when quite small electric 
fields are applied. Ohm’s law is not strictly obeyed 
at fields greater than 0-1 V/cm while breakdown 
occurs at fields of 1-0 V/cm or less. (Fig. (3)). 

The photoconductive effect was studied at 
wavelengths between 0-2 and 20mm using a 
mercury lamp source, suitable filters, and a grating 
spectrometer. Measurements at longer wavelengths 
up to 8-6 mm were made using klystron oscillators 
and crystal harmonic generators. 

So far, the absorption coefficient has not been 
measured, but estimates using the expression given 
by Fan®) for the absorption of an impurity 
centre indicated a value of about 50 cm~!. Despite 
this, the first experiments were carried out on 
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Fic. 1. Hall coefficient of n-type sample of InSb over temperature range 1°35°-77°K and at induc- 
tions from 90 to 8000 G. The impurity ionization energy and concentration can be calculated from 
these results using the relation: 

(Nat+n)n/(No—Natn) = (27mkT)} /2(eB/h2) exp(1 —e/kT) 
with the following results: 

(Np—Na) = 4:9 1013 cm-3 
B (gauss) (eV) Nob (cm~*) 

8230 x 10-4 4-3 x1014 

7125 ° 4-4 

6142 5: 45 

4417 ° 3°9 
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Fic. 3. Current-voltage characteristic of n-type InSb. 


samples about 1 cm thick. The area exposed to 
radiation was about 0-5 x 0-5 cm square, designed 
to suit the optics of the spectrometer. 

Although we have not been able as yet to measure 
the relevant optical properties, an experiment 
was made to determine whether or not the ab- 
sorption coefficient was of the order of magnitude 
estimated. Two samples were mounted in the 
cryostat one above the other so that if an appreci- 
able amount of radiation were transmitted through 
the upper specimen it would be detected by the 
lower one. It was then found that a sample 1 cm 
long transmitted less than 10 per cent of the 
incident radiation, and that the thickness of the 
upper sample could be reduced to about 3 mm 
before a significant amount of radiation was 
transmitted. These results indicate that the 
absorption coefficient is probably somewhat 
smaller than the value estimated. 

The responsivity was measured at a number of 
wavelengths over the range covered as a function 
of current density and magnetic induction. 
Fig. (4) shows typical results. It is seen that at a 
constant induction the responsivity at first in- 
creases linearly with current density, but then 


passes through a maximum and falls at high 
current densities. The position of the maximum 
corresponds with the position of the shoulder on 
the current voltage characteristic. Thus as the 
magnetic induction is increased, the maximum 
occurs at lower current densities. 

It will be noticed that an effect is observed even 
in the absence of a magnetic field, but that the 
responsivity increases rapidly as the magnetic 
induction increases. There is usually an optimum 
field, above which the responsivity falls. 

These results are obtained at temperatures 
between 1-1 and 2°K. It is found that best results 
are obtained at about 1-5°K but the temperature 
is not very critical. The optimum magnetic in- 
duction depends upon temperature, falling as the 
temperature is reduced. 

By making measurements of this sort at a 
number of wavelengths, Fig. (5) may be con- 
structed. This shows the dependence upon wave- 
length of the maximum responsivity at various 
inductions. We see that for the higher values of 
the induction the responsivity increases linearly 
with wavelength up to about 1mm. At longer 
wavelengths the responsivity appears to fall but 
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Fic. 4. Dependence of photoconductive responsivity 

of n-type InSb upon current density and magnetic 

induction. Wavelength of radiation 0:2 mm. Tempera- 
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this is probably due to instrumental errors associ- 
ated with the spectrometer when used beyond 
1mm. The latest microwave measurements at 
4-2 mm indicate that in the higher inductions the 
responsivity is about three times greater than the 
values shown at 1 mm. At zero induction and at 
2000 G (which is too small to produce measureable 
carrier freeze-out) the responsivity increases at 
approximately the square of the wavelength up to 
1 mm, and again falls off at longer wavelengths. 

Before discussing these results, two further 
points should be mentioned. First, although the 
time-constant of the effect has not been measured, 
study of the time-resolution obtained when ob- 
serving discharges from shock tubes has shown that 
the time-constant is not greater than 1 per cent. 
Secondly, the resistance of the samples used is 
usually not more than 10 KQ. This has meant that 
the minimum detectable signal from detectors 
utilizing this effect has been determined by 
amplifier noise. Despite this, values of D* (the 
detectivity) normalized to unit area and unit 
bandwidth) of 4x10! at 0-2mm and 2x10" 
at 1-0 mm have been achieved. 





* Detectivity of a detector is defined as the signal 
to noise ratio per watt incident power. 


DISCUSSION 

The first thing we can say about these results 
is that the behaviour up to 1 mm wavelength in 
magnetic inductions of 4000G or greater is 
consistent with the supposition that we are dealing 
with a conventional photoconductive effect, the 
bulk of the radiation being absorbed. ‘This simple 
model does not appear to account for the fact that 
an appreciable effect is observed in the absence of 
a magnetic field and at wavelengths much longer 
than would be expected from the ionization 
energies shown in Fig. (1). It might be argued that 
there could exist a small ionization energy 
(+ 10-4eV) in the absence of a magnetic field. 
This would not be detected by Hall effect measure- 
ments at the temperatures so far used but might be 
responsible for the small photoconductive effect. 
Even if this were so, one would still expect to see 
a long wave cut-off when a large magnetic in- 
duction is applied. Thus when B ~ 8000G 
e~ 7x10-eV, giving an expected cut-off at 
1-8 mm. Yet Fig. (6) showing relative performance 
at 4-2 mm is of similar form to Fig. (4) which 
showed the behaviour at 0-2 mm. 

A possible mechanism to account for these 
effects is the absorption by free carriers.©) This 
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absorption could increase the effective electron 


temperature. Since impurity scattering is 
dominant, the mobility should increase. Hence 
the conductivity will increase, as with the con- 
ventional photoconductive effect. Also the time 
constant of this “electronic bolometer’’ should be 
less than 1 yzsec. We would expect the free carrier 
absorption coefficient to be about 50cm! at 
1-0 mm but only 0-1 cm~! at 0-2 mm. Thus the 
magnitude of this effect should fall more rapidly 
as the wavelength is reduced than the impurity 
photo-effect. On applying a magnetic field the 
free carrier absorption will be reduced due to 
the carrier freeze-out but the resistance of the 
sample will be increased. The observed re- 
sponsivity is proportioned to the sample’s 
resistance. Figures (1) and (2) show that while 
the carrier concentration can be reduced about 
two orders of magnitude, the resistance increases 
by three. Hence if free-carrier absorption were the 
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Fic. 6. Dependence of photoconductive effect upon 
magnetic induction and current density at 4-2mm 
wavelength. 


dominant process we could expect about one 
order of magnitude increase in responsivity on 
applying a field. The results at 1 mm are consistent 
with this, but at 0-2mm the field produces a 
larger increase. 

It appears then that the two processes suggested 
can account for the observed behaviour, but more 
detailed study of the optical properties is required 
to confirm that this explanation is correct. 
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D. W. Goopwin (comment): PUTLEY’s results on InSb 
at zero magnetic field can be interpreted as a change 
of mobility with electric field vector of the electro- 
magnetic field. For wavelengths greater than 1 mm the 
energy relaxation time has a value of the order of 
10-7 sec, which agrees with theory, assuming that 
energy loss occurs via acoustic phonons. A turnover at 
1 mm could indicate a mobility of 6 x 104 cm/sec/V/cm. 
The effect of freeze out with a magnetic field is to leave 
the A? region unmodified, provided that the same bias 
voltage is used but in the region of complete absorption 
for wavelengths greater than 1mm the responsivity 
will be inversely proportional to the carrier concentra- 
tion. 

A similar effect using n-type germanium at 4:2°K 
has been used to produce a far infrared detector. A 
detector having high resolution has been achieved by 
operating well down the A? region and increasing the 
absorption in a narrow spectral band by cyclotron 
resonance techniques. The specimen was lined up with 
the magnetic field in the <100) direction to give a 
single resonance band. The energy relaxation time at 
4:2°K is approximately 5 x10~® sec, agreeing with an 
energy loss by acoustic phonons. At wavelengths of 
8 mm the resolution of the detector is of the order of 
20 and D* = 1012 cm/W. Further increase in absorption 
should raise this figure by two orders of magnitude. 
With the use of higher magnetic fields and suitable 
resonant structures a detector having a D* of the order 
of 1014 cm/W at a wavelength of 1 cm should be possible 
with a resolution of the order of 10°. 


A. Rose: Were any coherence effects observed when 
millimeter radiation from a Klystron was used? 
E. H. Putiey: No. 


E. Burstein: For carrier concentrations of 10!4/cm® 
the plasma frequency should occur at about 1 mm. We 
would expect the absorption to become negligible at 


longer wavelengths due to the onset of metallic re- 
flection. Is there any evidence for this in your zero 
magnetic field results? 

E. H. Puttey: So far we have not seen evidence of 
plasma resonance but we have seen some indication of 
magneto-optical resonance effects in fields of 2000 G 
or greater. We have not yet been able to observe these 
effects sufficiently precisely to assign an exact inter- 
pretation. 

J. S. BLakEMoreE: The magnetic freeze out of carriers 
is controlled by the contraction of the impurity wave- 
function in the magnetic field. KEYeEs has suggested that 
this contraction is anisotropic, occurring mainly for 
directions perpendicular to that of the magnetic field. 
Thus it would be interesting to see the results of 
measurements on your samples for current both parallel 
to and perpendicular to the magnetic field. 

E. H. Putitey: The increase in resistance in a strong 
magnetic field below 4°K is caused by two processes: 
(1) the freeze-out of carriers, (2) the reduction in mobility. 
I would not expect the freeze-out effect to depend on the 
orientation of the magnetic field, but the mobility change 
could. Some preliminary measurements of the variation 
of resistance upon rotating the magnetic field at 1-5°K 
with B= 30kG showed that the resistance was 
practically constant as the magnetic field was rotated 
from a transverse direction to a direction parallel to the 
sample current. 

E. BursTEIN: A shift of the plasma frequency to 
longer wavelengths with decreasing carrier concentra- 
tion would be an additional property which could be 
used to study the freeze-out of carriers with increasing 
magnetic field. One would carry out reflection measure- 
ments as a function of frequency to determine the plasma 
frequency and it would be necessary to apply corrections 
for magnetic plasma effects. 
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PHOTOCONDUCTIVITY IN P-TYPE INDIUM 
ANTIMONIDE WITH DEEP ACCEPTOR IMPURITIES* 


W. ENGELER}, H. LEVINSTEIN and C. STANNARD, Jr. 


Syracuse University, Syracuse, N.Y. 


Abstract—The addition of Au, Ag or Cu impurities to InSb may be expected to produce two 
acceptor levels in InSb when these atoms with one valence electron replace In in the crystal lattice. 
The location of the energy levels has been determined by observing the extrinsic photoconductivity 
produced by the excitation of electrons from the valence band to the impurity levels and from the 
levels to the conduction band. The energy levels for Ag are in close agreement with those calculated 
by assuming a simple He atom model. The greater divergence for Au is attributed to the lattice 
distortion introduced when the larger Au atom replaces In in the crystal lattice. Oscillatory behavior 
of photoconductivity associated with charge carrier excitation to the lower level of all three im- 
purities has been attributed to the successive emission of longitudinal optical phonons. 


1. INTRODUCTION 
Impurii1Es in Ge or Si produce a single energy 
level in the forbidden gap, if they have either one 
more or one less valence electron than the atoms 
they replace. The location of these levels as 
calculated by assuming a simple hydrogen-like 
impurity atom model is in close agreement with 
experiment. When lattice atoms are replaced by 
impurities with two less valence electrons, double 
acceptor levels are obtained. A helium-like 
impurity model does not, however, account for 
the 0-03 eV, 0-055 eV, and 0-087 eV) lower 
energy levels observed for Zn, Cd, and Hg in Ge. 
Ag, Au, and Cu impurities replacing In atoms in 
InSb also produce two acceptor levels. Calculations 
assuming a simple He-like impurity model yield 
0-018 eV for the lower level and 0-04 eV for the 
upper level. BLuNT®) has determined both levels 
for Cu using Hall measurements and a photo- 
conductive quenching experiment on n-type InSb. 
His values of 0-023 eV and 0-056 eV for the lower 
and upper level respectively, are in fair agreement 
with expected values. Hall measurements on p-type 
InSb doped with Cu, Ag, and Au have recently 
been reported.4) They confirmed BLUNT’s value 
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for Cu and in addition gave values of 0-022 eV 
for the lower level of Ag and 0-032 eV for Au. The 
activation energies of the upper levels, however, 
could not be uniquely determined from Hall 
measurements. Photoconductive response measure- 
ments have therefore been made to verify the 
lower and to determine the upper levels. The 
results of these measurements are _ reported 
here. 


2. EXPERIMENTAL PROCEDURE 

Indium and antimony in stoichiometric pro- 
portions were first reacted in a low pressure of 
hydrogen and heated for several hours to remove 
the volatile impurities. The compound was then 
zone refined by means of a zone heater assembly 
containing 3 heater elements. Hall measurements 
at liquid nitrogen temperatures indicated an im- 
purity concentration no larger than 10!4 cm-3 for 
the zone refined ingots. Single crystals were grown 
in the (211) direction by the zone leveling 
technique at rates between 0-5 and 1 cm per hour. 
Selected impurities were deposited at various 
points along the ingot. The systematic addition 
of these impurities permits the production of 
p-type crystals with various concentrations of 
impurities along their length. The first section of 
these crystals contained only the impurity whose 
energy levels were to be measured (Cu, Ag, Au) 
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and trace impurities. Concentrations between 1014 
and 1015 atoms per cm? were obtained. Beyond the 
first section, Se was added in various amounts 
(by means of an InSb-Se alloy). Se, replacing Sb 
in the crystal lattice, acts as a shallow donor 
impurity and its ionized electrons fill first the lower 
and then the upper level of the 2 level acceptor 
impurity. By properly compensating these levels, 
both energy levels can be measured on samples 
cut from various sections of the same crystal. 

Crystals were cut and then etched in a 1 part HF, 
4 parts HNOs solution to a size of approximately 
2-5x2x1:5mm. In many cases, the samples 
cut for photoconductive measurements were 
sections from samples on which Hall measurements 
had previously been made. These samples were 
soldered to the cold finger of a conventional 
liquid helium dewar and to other electrical con- 
nections with an alloy of In, 2 per cent Cd. Photo- 
conductive measurements were made on a Perkin 
Elmer Model 13 monochromator. 


3. PHOTOCONDUCTIVE MECHANISM 
ASSOCIATED WITH ACCEPTOR 
LEVEL IMPURITIES 


Several photoconductive mechanisms are 
possible in p-type material containing double 
acceptor level impurities depending on the degree 
of compensation of these levels. The transitions 
leading to photoconductivity are shown in Fig. 1. 




















Fic. 1. Possible transitions of charge carriers to and 
from energy levels of Au, Ag or Cu in InSb with various 
degrees of compensation. 


Excitation of electrons across the forbidden gap 
(transition A) leads to the production of electron 


hole pairs and is independent of the type of 


impurity. Its long wavelength photoconductive 
threshold corresponds to the intrinsic energy gap 
of InSb. If the lower level of the impurity is not 
entirely filled with electrons from the donor 
impurity, excitation of an electron to this level 


from the valence band may take place (transition 
B). If this level is not entirely empty, electrons 
from it may be excited to the conduction band 
(transition C). The location of the lower energy 
level of the impurity is then determined either by 
the energy corresponding to the long wavelength 
threshold of the former (transition B) or the 
difference between the energy gap and the 
threshold energy for the latter (transition C). If 
the upper level is not entirely filled, transitions to 
it from the valence band may take place (transition 
E); if it is not entirely empty, electrons from it may 
be excited to the conduction band (transition D). 
The location of this energy level may then be 
determined from the spectral response curves in 
the same manner as for the lower level. The 
magnitude of the extrinsic photoresponse depends 
on competitive absorption processes, the density 
of the impurity atoms, and the lifetime of the 
photoconductive carriers which in turn depends 
on the degree of compensation of these levels. 
The extrinsic photo-response may be many 
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Fic. 2. Spectral response of InSb doped with Ag. 

(a) Intrinsic response and extrinsic response produced 

by excitation of electrons from lower level to conduction 

band. (b) Extrinsic response due to excitation from Ag 

lower level to conduction band and from valence band 
to upper Ag level. 
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orders of magnitude smaller than the intrinsic 
photoconductivity. 


4. EXPERIMENTS RESULTS 

A. Crystals with a filled lower level 

Measurements were made first on samples 
which had a filled lower level. Fig. 2(a) shows the 
spectral response due to Ag whose upper level 
was nearly empty. The first sharp drop at 5-3 
corresponds to the minimum energy for the in- 
trinsic transition and yields the well known band 
gap of 0-23 eV at 5°K. The second sharp drop at 
about 6 pu (0-2 eV) corresponds to electron excita- 
tion from the lower level to the valence band 
(transition C). Fig. 2(b) shows the spectral response 
of a similar sample with a cooled InSb filter. The 
intrinsic region is now suppressed because of the 
high absorbtion of InSb in its intrinsic region 
(below 5-3 «). This suppression reduces noise and 
makes possible the observation of the smaller 
extrinsic response. The sharp peak between 5 
and 6 » can be attributed to transition C, Fig. 1. 
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Fic. 3. Spectral response of InSb doped with Cu. 

(a) Intrinsic response and extrinsic response produced 

by excitation of electrons from lower level to conduction 

band. (b) Extrinsic response due to excitation from lower 

Cu level to conduction band and from valence band to 
upper Cu level. 


The remaining spectral response is due to the 
electron transition from valence band to the 
upper level (E, Fig. 1), the long wavelength 
threshold yielding a value of 0-039 eV for the energy 
of the upper level. Figures 3(a) and 3(b) show the 
results on samples of InSb doped with Cu, giving 
an energy of 0-056 eV for the upper level. Figure 
4(a) shows the spectral response of a gold sample 
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Fic. 4. Spectral response of InSb doped with Au. 

(a) Intrinsic response and extrinsic response produced 

by excitation from lower and upper Au levels to con- 

duction band. (b) Extrinsic response due to excitation 

from lower Au level to conduction band and from valence 
band to upper Au level. 


whose upper level is 75 per cent filled. This 
sample then shows, in addition to the intrinsic 
process and the excitation from the lower level, 
excitation from the upper level to the conduction 
band (D, Fig. 1). The energy of 0-16 eV corre- 
sponding to the cutoff at 7-6 ~ when subtracted 
from the band gap (0-23 eV) yields an energy in 
agreement with that obtained (0-066 eV) from the 
long wavelength threshold of the spectral curve in 
Fig. 4(b). This curve shows the photoconductivity 
due to transitions from the valence band to the 
upper levels (E, Fig. 1) of a sample with nearly 
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Oscillatory photoresponse associated with the lower level of 


Ag, Au, Cu and an unknown impurity in InSb. 


empty upper levels, provided with a cooled InSb 
filter. 


B. Crystals with partially filled lower levels 
Figure 5 shows the spectral response due to 
Ag, Au, Cu and an unknown impurity in InSb 
when only small compensation is used in crystal 
growth (near first section of the crystal). Measure- 
ments were made at liquid He temperature. The 
curves are composites, using data obtained with 
a NaCl and a CsBr prism. Intrinsic response was 
suppressed through the use of a cooled InSb 
filter. The rise near 6 microns is again presumed 
due to photoconductivity produced by the 
transition between the lower impurity level and 
the conduction band. The ratio of the magnitude 
of the spike to the photoconductivity produced 
through excitation from the valence band to the 
lower level depends upon the degree to which the 
lower level is filled by donor electrons. The 
greater its occupation the larger the magnitude of 
the spike compared with the photoconductivity 
beyond it. The oscillating behavior, also observed 


by BLunt®) for InSb doped with Cu, has recently 
been explained), The interpretation is based on 
observations from the spectral curves and from 
their more graphical presentation in Fig. 6 where 
the number of each minimum has been plotted as 
a function of the energy at which it occurs. The 
slopes of these lines, representing the energy 
difference between successive minima, as calculated 
by the least squares fit of the data, are identical 
within experimental error. The location of the 
minima depends on the type of impurity in con- 
trast to the location of lattice absorptions at 27-5 
and 33-5 which are independent of impurity. 
In the case of gold where a cutoff is observed in 
the spectral response, this cutoff agrees with the 
energy intercept of the straight line (Fig. 6). Since 
the threshold for Cu and Ag was not in the range 
of the optical equipment, the assignment of the 
number of the minima was based on the estimate 
of the position of the threshold energy by Hall 
measurements. 

The explanation assumes that the oscillations 
are due to the superpositions of a series of spectral 
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Fic. 6. Location of spectral response energy minima vs. 
their number for various impurities in InSb. 


curves. The long wavelength threshold corre- 
sponds to the excitation of an electron from the 
valence band to the lower impurity level. The 
next threshold corresponds to the same process 
accompanied by the emission of a longitudinal 
optical phonon, succeeding thresholds at shorter 
wavelengths to the emission of 2, 3, 4, etc. phonons, 
respectively. This process appears reasonable 
since the transition probability starting at k = 0, 
corresponding to the long wavelength threshold, 
at first increases, then decreases for increasing 
photon energies. When a photon energy is reached 
where a longitudinal optical phonon may be 
emitted, the process repeats itself, excitation again 
occurring at k = 0 and proceeding to higher k 
values. The slope of all 4 lines of Fig. 6 is 0:0244 eV 
and represents the energy of the longitudinal 
optical phonon. This number is in good agreement 
with a value of 0-024eV obtained by Hatt, 
RaAceTTE and EHReNREICH”) from tunneling 
experiments and 0-0244 eV recently reported by 
Fray, JOHNSON and Jones), Little can be 
inferred from the relative magnitude of these 
oscillations since they are not directly related to 
transition probabilities, depending in addition 
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5. DISCUSSION OF RESULTS 
Table 1 represents a summary of the results. 
The energy intercept of the lines in Fig. 6 may be 
considered an optical activation energy. In the 


Table 1. Summary of results 


Lower level 
(eV) 
Energy 
intercept 


Lower level 
(eV) 
Hall data 


Upper level 
(eV) 
Photocond. 
data 


Impurity 





0-026 
0-028 
0-043 


0-023 
0-023 
0-032 
0-018 


0-056 
0-039 
0-066 
He atom 0-040 


model 


case of Au, where the long wavelength threshold 
was obtained, this value agrees well with the energy 
intercept. In all cases, Hall measurements, 
however, give somewhat lower values for the 
activation energy. This may be attributed to a 
systematic error in Hall measurements, produced 
by a certain amount of impurity band conduction, 
or perhaps merely due to the differences between 
thermal and optical activation energies. The 
experimentally determined values of lower and 
upper Ag levels agree most closely with the He 
atom model. This seems reasonable since the Ag 
atom has the same inner shell configuration as In, 
the atom it replaces. The values for Au show the 
largest discrepancy, again as expected, since Au, 
because of its large size, probably produces some 
distortion of the crystal lattice when it replaces In. 
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W. ENGELER, H. 


LEVINSTEIN and C. STANNARD, Jr. 


DISCUSSION 


M. A. Lampert: Your series of “‘high-energy’’ photo- 


conductivity peaks (which you interpret as photon 
2 3.4 


absorption with simultaneous emission of 0, 1, 2, 
etc., longitudinal optical phonons), if taken at face 
value, lead to the striking conclusion that absorption 
with emission of say 4 phonons is just as probable as 
absorption with emission of 1 phonon. The question is: 
Can the data be taken at face value (in this sense)? If the 
sample is essentially transparent over the range of 
wavelengths in question, and simultaneously any optical 
interference effects can be ruled out, then it is difficult 
how this “face value’’ interpretation can be 


to see 
On the other hand, if the sample is largely 


avoided 


opaque over all or parts of the wavelengths region, the 


situation is considerably more complicated, and very 
alternatives can be found to the “face value’’ 
Measurement of the absorption constant 
would prove 


likely, 
interpretation 
over the wavelength 
most helpful in resolving this matter. 


region concerned 

W. ENGELER: The sample to be measured was placed 
in the standard integrating cavity used for IR detectors 
of this type. In such a cavity the incoming photon can 
make many transitions through the generally transparent 
sample until it is finally absorbed either by a photo- 
conductive transition ot by some other competitive 
process. The response of the detector is then determined 
by the relative magnitude of these two types of processes. 
The face value interpretation of the spectral response 
data, which shows a decrease of only a factor of three, 
can therefore be very misleading unless the magnitude 


of the competitive process is known, as the variation with 
wavelength of these processes can be quite large. For 
example, the general background absorption of the InSb 
lattice has been shown by S. J. Fray, F. A. JoHNSON and 
R. H. Jones‘®) to vary by two orders of magnitude 
between 17 and 30 y. Absorption measurements are 
currently planned and should illuminate this problem. 


E. BursTern: These results are particularly interesting 
as similar structure in impurity photoionization spectra 
is not found for the case of impurities in homopolar 
semiconductors such as silicon and germanium. It may 
be associated with the fact that the host lattice InSb is 
polar and moreover piezoelectric. This would imply a 
strong coupling of longitudinal optical vibrations. The 
mechanism may very well involve a multiple phonon 
Franck—Condon effect in which the electronic energy of 
the ground state of the impurity is strongly dependent 
on the nuclear “configuration’’ and in particular a 
longitudinal optical mode type configuration. That the 
matrix elements do not decrease rapidly with increase 
in the number of phonons is not inconsistent with a 
Franck—Condon effect. 


M. G. BERNARD: (1) We have shown at the Prague 
Conference that in Ge the simultaneous emission of 
phonons is actually possible. (2) The use of LAx’s calcula- 
tions for these processes requires the knowledge of both 
the deep level state and the phonon spectrum in the 
vicinity of the center; generally both of them are 


unknown. 
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THE CAPTURE OF HOLES IN DEEP-LYING ACCEPTOR 
LEVELS IN GOLD-DOPED GERMANIUM 


G. RUPPRECHT 


Research Division, Raytheon Company, Waltham 54, Massachusetts 


Abstract—The capture cross-section for holes and its temperature dependence have been measured 


on gold-doped germanium for the 0-145 eV acceptor level by pulsed field effect in the temperature 


range from 50°K to 100°K. The result: cp 


7 x 10-13(7/100)-" cm? with a value for 2 between 4 


and 1. Effective cross-sections of the first acceptor level for gold, nickel and manganese in germanium 
show a correlation with maximum solubility and segregation constant indicating that these im- 
purities may introduce an appreciable perturbation in the homopolar germanium host lattice, 
the geometrical extension of which may be responsible for the observed large capture cross-sections. 


INTRODUCTION 
One OF the basic problems in photoconductivity 
is the capture of free-charge carriers in localized 
states. For attractive centers large capture cross- 
sections have been observed.":2) An explanation 
of their size and a prediction of their temperature 
dependence have been given by Lax in his theory 
of giant traps.®) Experimental observations on 
shallow impurities seem to be in fair agreement 
with this theory.“ It has been noticed, however, 
that this is not the case for deep lying impurity 
levels.) Here, a different explanation, which 
provides for the possibility of efficiently dissipating 
enough of the energy of a free carrier in the 
surrounding of an impurity center during the 

capture process, seems necessary. 
The following investigation consists mainly of 
a careful study of the temperature dependence of 
the 0-145 eV acceptor level in gold-doped p-type 
germanium. In addition to its other advantages, 
p-type germanium was chosen for the simplicity 
of its band structure for holes, which excludes the 
possibility of intervalley scattering. The tool of 

investigation is pulsed field effect. 


PULSED FIELD EFFECT EXPERIMENT 
It has been shown previously) that under 
suitable experimental conditions, the capture 
cross-section of an impurity level may be obtained 
by pulsed field effect experiment. Accordingly, 
for an impurity level (E77) which is in interaction 


with the valence band (Ey) the temperature 
dependent cross-section o(7') is given by the 
relation 

a( T) Ey —_ Er 
- exp( 


y kT ) 


The quantity procured from pulsed field effect is 
7(T), the time constant for thermal generation 
of holes out of the impurity level. y is the statistical 
weight factor of this level.“6) Since Ny and v7 are 
readily known, the cross-section and its tempera- 
ture dependence are determined as soon as a 
sufficiently accurate value of (H7— Ey) is available 
and if the additional assumption is made that y 
is temperature independent. 

Figure 1 shows the sample holder and the 
measuring circuit. It can be seen from equation (1) 
that the requirements for an accurate temperature 
measurement are quite stringent in this experi- 
ment. Great care has, therefore, been taken to 
ensure that the temperature which is recorded 
with a thermocouple on the back side of the 
indicates the sample temperature. 
sample 


sapphire 
Heating of the eliminated by 
sufficiently low d.c. The radiation 
shields around the sample holder are not shown. 
The time constant 7 is extracted from an evalua- 
tion of the time dependence of the sample con- 
ductivity after a step voltage has been applied to 
the field plate. It has been checked that 7 is 


was 
currents. 
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SAMPLE HOLDER 


Liquid nitrogen 
or helium 





Metallized +—— Heater 
sapphire 
heat sink 
(for wires) 


—— Copper 





*——— Sapphire 
+——— Field plote 


(Metallized on 

BH sapphire ) 
\ Thermocouple 
High voltage 


terminal 


Sample 


Nylon screws—sy-- 
Sapphire plate 














Mylor 








MEASURING CIRCUIT 


High voltage 


Square wove 
amplifier 


generator 


Field plote 


Sample 
lOOK 1OOK 


; VV 


90 volt 
battery 


20K Q balance 
potentiometer 


Differential 
preamplifier 


Oscilloscope 








Recorder 


Fic. 1. Sample holder and measuring circuit for pulsed field effect experiment. 


independent of pulse height for sufficiently small 
pulses. 


EXPERIMENTAL RESULTS 

Measurements of the time constant 7 for hole 
generation are summarized in Fig. 2. The 
germanium samples were doped with gold, 
nickel and manganese. The quantity 1/rNyvr is 
plotted vs. 1000/7 on a semi-logarithmic scale 
and yields fairly straight lines for all three dopings. 
An evaluation of these slopes leads to energy 
values 0-141 eV, 0-216eV, 0-145 eV for gold, 
nickel, and manganese respectively. These energies 
though somewhat smaller, are in close agreement 
with the known values for the energy position of 
these three acceptor levels above the valence band. 
From such data the conclusion has been drawn 
that the temperature dependence of the cross- 
section is quite weak.) In the case of gold-doped 
germanium a determination of the temperature 
dependence of the cross-section is possible, since 
as accurate value for the energy position of the 
acceptor level is known. It is Ep—Ey = 0-145 
eV.6) It seems worthwhile mentioning that this 
energy value and the pulsed field effect data, 
presented here, are both obtained from the same 
sample GT 17-4. 


To evaluate equation (1) the cross-section o(T) 
has been introduced as: 


o(T) = 09+ (T/Ts)-™. (2) 
Equation (1) may then be written in the form: 
0-4343 x 0-145 (eV) 
kT (eV) 





log - ) —n log( 7/70). (3) 


Fig. 3 shows the data calculated from the left hand 
side of equation (3) plotted vs. log (T/T). To is 
chosen to be 100°K. For this temperature 
oo/y = 9x 10-14cm2. To make comparison con- 
venient, the right hand side of equation (3) is 
drawn in Fig. 3 for values n = } and m = 1. The 
experimental points fall between these two limits. 
It does not seem justified, however, to deduce a 
more accurate value for m with the present data. 
Using the value y = 8-5 the capture cross-section 
becomes 


Gp = 7x 10-13 cm? at 100°K. 


value 
and 


with the 
NEURINGER 


This is in fair 
o = 1°55 x 10-12 cm? 


agreement 
which 





THE CAPTURE OF HOLES IN DEEP-LYING ACCEPTOR LEVELS IN GERMANIUM 257 





10720 


Mn doped Ge 
€=0.145 ev 
op= 2x10" cm? 


Ni doped Ge 
€=0.216 ev 
p= 8xI0"%cm* 
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Fic. 2. 1/7Nvvr vs. 1000/T for gold, nickel and manganese in germanium. 
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Log t (To=100°K) 


Temperature dependence of the 0-145 eV gold acceptor level. 
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BERNARD“) obtained from noise measurements 
on the same sample (GT 17-4). JoHNson and 
LEVINSTEIN found o ~ 10-!%cm? from measure- 
ment of the photoresponse for this level.‘?) 

In order to compare cross-sections for different 


dopings, the data in Fig. 2 have been evaluated to 


yield effective cross section op /y, under the 


assumption that the temperature dependence of 
the capture cross-section is described by equation 
(2) with » = 4 for nickel and manganese also. 
One finds then oo/y 
(E7— Ey) simultaneously: 


and a corrected value for 


Ni: oere(Ni) = oo/y = 8x 10-13 cm? at 100°K 
and E,—Ey = 0-220 eV. 
Mn: oerr(Mn) = oo/y = 2 » 


and Er— Ey = 0:149 eV. 


10-12 cm? at 100°K 


The effective cross-sections at 100°K are therefore 
substantially different. The corrected values for 
the energy position of nickel and manganese are 
in good agreement with values in the literature. 8.9) 


DISCUSSION 

It has been well established that the investigated 
acceptor levels of gold, nickel, and manganese 
in germanium are single-negatively charged when 
empty. The capture of a hole into an empty level 
is therefore assisted by Coulomb attraction. The 
extremely large cross-section suggests that this 
attraction is the important feature for the capture 
can explain 


(3) 


mechanism. The cascade theory“ 
the order of magnitude of such attractive cross- 
sections, suggesting a capture mechanism via 
excited states with large hydrogen-like orbits. 
The necessary dissipation of energy during the 
capture process is achieved by interaction of the 
with accoustical and optical 


carrier in orbit 


phonons. 


RUPPRECHT 


1. According to this theory the capture cross- 
section should not depend upon the particular 
kind of impurity as long as the charge character 
is the same. The measurements, however, yield 
effective cross-sections which vary substantially 
in size. 

2. Assuming that in the vicinity of an impurity 
center bulk properties can be used, Lax has shown 
that his theory predicts a temperature dependence 
of the cross-section with 7-4. The experimental 
results, however, show that this capture mechanism 
does not seem to apply here. The temperature 
dependence of the cross-section somewhere 
between 7-1/2 and 7! suggests that the thermal 
energy of the incoming hole alone may be held 
responsible for this exponent. 

Present results seem to indicate that it is 
necessary to postulate a more efficient way to 
dissipate energy in the surrounding of an impurity 
atom. In this context it might be interesting to 
consider how an impurity atom influences the 
lattice. Shallow acceptors and donors, such as As 
and Sb, are soluble in the germanium lattice in 
high concentrations. The relatively large segrega- 
tion constant indicates that they build fairly easily 
into the lattice. It is further well established that 
such shallow impurities occupy regular germanium 
sites. Maximum solubility and segregation constant 
may be considered measures of the misfit of the 
impurity in the host lattice. 

In the case of gold, nickel, and manganese, 
these impurities are still assumed to occupy 
regular sites. However, their low solubility and 
small segregation constant suggest that they do not 
fit into the lattice too well. It is therefore quite 
possible that the host lattice is severely disturbed 
in the surrounding of such an impurity atom. 

Following this concept one might expect that 


Table | 


k 
pegregation 
constant 


Substance 


0-02 

0-003 

< 10 
10-6 
10-6 


solubility (cm?) 


S o 
Capture 
cross-section (cm?) 


Maximum 


<10-11 (4°K) 

10-14 (100°K) 
< 10-13 (100°K) 
<10-12 (100°K) 
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the capture cross-section for a carrier is connected 
with the geometrical extension of such a lattice 
perturbation. In Table 1 the values for maximum 
solubility S and segregation constant & are listed, 
together with effective cross-sections for Au, Ni, 
Mn at 100°K, and AscCARELLI and BROWN’s 
cross-section values at 4°K for Sb and As 
impurities. 4) 

It is apparent from Table 1 that as expected the 
cross-sections for Au, Ni, Mn are increasing, 
whereas solubility and segregation constant are 
decreasing. This correlation seems to hold even 
for the shallow donors As and Sb. 

From the described behavior of capture cross- 
sections in germanium one might draw the tenta- 
tive conclusion that the homopolar germanium 
host lattice no longer has the properties of the 
undisturbed lattice. It may show an appreciable 
change of the interaction with a free-charge 
carrier in the surrounding of an impurity. 
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DISCUSSION 


G. HEILAND: If one studies a discrete level at the very 
surface by field effect, there is a single well defined 
distance from the Fermi level. But in studying a bulk 
level one faces a more complicated situation, for the 
distance from the Fermi level varies as a function of the 
distance from the surface within the space charge 
layer. In many respects one may then observe results as 
for a continuous distribution of levels at the very 
surface, e.g. the number of states changing the occupa- 
tion during a pulse may show no saturation with 
increasing field. How are your results influenced by 
these facts? 

G. RupprEcHT: The results are not influenced by 
these facts, since they have been taken into account for 
the evaluation of +t = (gNy)~!. In the case of bulk 
states the time dependence of the conductance after 
pulsing is indeed no longer a simple exponential function, 
as is the case with surface states. It becomes dependent 
upon parameters like surface potential, temperature, 
concentration of impurities and pulse height. The time 
dependence of the redistribution of charges in the 
space charge region has been calculated by solving a 
partial differential equation, in part through the help 
of a computer. From the obtained general solution a 
simple method has been derived for the determination, 
of 7 from the observed conductance change. 


M. A. LAMPERT (comment): Your temperature region 
50°-100°K, is, I believe, an inappropriate one for 


comparison with Lax’s theory. In Ge, the entire 
*“‘*hydrogenic’’ series of levels covers only about 0:01 eV, 
and this spread is much too close to kT to apply Lax’s 
mechanism of a “‘random walk’’ up and down the energy 
scale. The probable energy step of a single “random 
walk’’, at your temperatures, is much too big. Consistent 
with this remark, is the fact that your observed cross- 
sections differ greatly from Au to Ni to Mn impurity, 
indicating that the deep-lying non-hydrogenic ground 
state is playing a key role in the capture process. 
Accepting this, plus the supposition that non-radiative 
capture is strongly favored over radiative capture 
(pointed out by AIGRAIN), your interpretation of the 
correlation between observed capture 

and known solubilities (or segregation 
seem quite reasonable. Low solubilities are presumably 
associated with strong local strains, and these would, 
in turn, certainly play a strong role in multi-phonon 


cross-sections 
coefficients) 


G. RupprecHT: Your proposal of a capture via a 
multi-phonon emission process is an interesting possi- 
bility provided that such a process can account for the 
observed large capture cross-sections. 

To satisfy this condition it has been proposed here 
that through introduction of the impurities the lattice 
scattering via optical phonons, for instance, might be 
largely enhanced in the surrounding of an impurity 
center. 
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CARRIER LIFETIMES IN n-TYPE GOLD-DOPED 
GERMANIUM 


R. L. WILLIAMS* 
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Abstract—Minority and majority carrier lifetimes in n-type gold-doped germanium have been 
evaluated by means of the combined photoconductive and photoelectromagnetic effects. The room 
temperature capture cross-section of the upper gold level for electrons is evaluated to be 
1-0 (+ 0-3) x 10-16 cm? and for holes 1:5 (+ 1-0) x 10-12 cm?. These values agree with the order of 
magnitude values found by JOHNSON and LEVINSTEIN'®). 

Between 150° and 60°K an exponential temperature dependence is found for the electron capture 
cross-section with an activation energy of 0-01 eV. Between room temperature and 400°K, surface re- 
combination effects are important, but the PC/PEM ratio method permits the evaluation of the now 
nearly equal electron and hole lifetimes. 

Equations are derived for the electron carrier concentration temperature dependence, with 
partial compensation of the gold level 0-20 eV from the conduction band. The expression is used to 
evaluate the donor and acceptor concentrations: Na =: 4-7 x 10!°/cem3 and Na = 2:9 x 10!5/cm?. In 


analysing the data, a mobility ratio of 1-2 at 370°K is required to make the observed data agree with 


the calculations. 


LIST OF SYMBOLS Absolute temperature 
Hole diffusion length 


no, po Equilibrium concentration of electrons and ae oe 
Surface recombination velocity 


holes 
m1, pi Value of no and po when the Fermi level lies 
at the energy F1 
n2, pe Value of mo and po when the Fermi level lies INTRODUCTION 
at the energy E2 THE EXISTENCE of multiple energy levels for im- 
roams etn ipinereers purity atoms in semiconductors is now well 
7) Sic electto Se é 1° . 
nt CONC ls a, ee oe a : 
Cnz, Cp, Capture probabilities for electrons and holes established. Energy levels which are doubly 
at a level with energy E2 charged are expected to have very different 
An,, Ap, Cross-section for recombination of electrons capture probabilities for electrons and_ holes. 
and holes of centers at the energy level 2 = The results of experiments by TYLER and 
Un, Up Thermal velocity of electrons and holes ‘ Se a ncn i 
: < Scie . Woopsury™) with n-type manganese-doped Ge 
™M,, Tp, Electron, hole lifetime for energy levels at F2 5 KS D 
un, #p Electron, hole mobility suggested that such a large difference in capture 
Dn, Dp Electron and hole diffusion coefficient cross-sections exists for doubly charged Mn sites. 
J Light flux—quanta/sec. Measurements were made of majority but not 
E Electric field minority carrier lifetimes, so the relative magnitude 
H Magnetic field é - ee, 
Na Aasemtet inqusity concentration of the hole and electron capture cross-section could 
Na Donor impurity concentration not be calculated. 
Mi, M2 _ Electron density for the level Fi, E2 Extensive measurements made on n- and p-type 
Ei Energy level of the lower gold site 0-015 e\ gold-doped germanium by JoHNsoN and 
from valence band LEVINSTEIN3) confirmed th: ld cs oo 
Ee Energy level of the upper gold site 0-20ev _LEVINSTEIN®) confirmed that gold capture cross- 
PT OT ne | sections can be very different for electrons and 
k Boltzman’s constant holes. In this work photoconductive phenomena 
Cinies siiess Uk Ce eed take, Oe observed in m- and p-material and the results 
tories, 1001 Lenoir Street, Montreal 30, Quebec, indicated that the capture cross-section for holes 
Canada. was 6000 times larger than for electrons. 
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RECOMBINATION THEORY 

The existence of separate lifetimes for electrons 
and holes was predicted by SHocKLEY and Reap"), 
More complete theoretical descriptions of re- 
combination phenomena including two separate 
time constants have been calculated by SANDI- 
FORD), CLARKE) and WERTHEIM"). 

BERNARD'S) has developed the equations for 
recombination through double energy level im- 
purities and the results may be summarized as 
follows. If the Fermi level remains between the 
two energy levels in question, the lifetime of the 
electrons and holes are a factor of 2 greater than the 
value predicted for the single level theory of 
SHOCKLEY and Reap. Although only shown to be 
correct for low impurity concentration, it is here 
assumed to be true generally; thus the electron 
lifetime is: 


o 'p,lPot+ p2+ Nal p2/po+p2)]+ Cn,(no +n2) 


Cy,Cn,Nal[no + pot (Nanono/no + n2)?] 


(1) 


The value for holes is: 


f ‘nyo + M2 + Na(ne/no + n2)|+ Cp,(po+ pe) 
Cy.Cn,Na[no + Po + (Nangno/no + n2)*] 

(2) 
The subscript 2 refers to the second ionization 
level for gold in germanium which is 0-20 eV 
from the conduction band. The symbols are de- 
fined in the “‘list of symbols’. From the analysis 
which follows, recombination in the n-type gold- 
doped germanium crystals examined is adequately 
described by neglecting recombination through 
the lower level 0-15 eV from the valence band. 


LIFETIME MEASUREMENT METHODS 

The lifetime of electrons and holes are usually 
different in the heavily doped materials used in the 
study of charged centres. Photoconductivity is 
then primarily a majority carrier phenomena and 
information is available it is 
difficult to determine both electron and _ hole 
capture cross-sections from this type of 
measurement. ZITTER') has shown that for the 
condition of different electron and hole lifetimes 
that the photoelectromagnetic (PEM) effect 
depends on the magnitude of the minority carrier 
lifetime. AmiTH®) emphasizes the fact that 


unless additional 


one 


the PEM effect is ertirely a minority carrier 
phenomena. 

Following the analysis of ZiTrer®), with 
different electron and hole lifetimes in n-type 
Au-doped Ge, the photoconductive (PC) short 
circuit current is given by the expression: 


Ipc: = hepntn2k, (3) 
and the PEM short circuit current is 
ipem = (1+4+1 b)bepnH(Dyr»,). (4) 


The data to be presented is based on the above two 
equations being valid over the temperature range 
investigated. As will be apparent later, at high 
temperature the value of 7», approaches tn, (thus 
Tp: = Tng = 72) and surface recombination be- 
comes important. The corresponding set of 
equations for this region are:"1) 


pepnt2k 


pc _ aaa 
1+ Lps/D 


and 

; peunHy/ Dye 

ipem = (1+1/b)- ———————_. 

1+ Lps/P 
Hall effect determination of impurity concentrations 
The charge in the gold impurity sites can be 

calculated using the results of CHAMPNEsS"!?) or 
BERNARD'S), If Mj is the density of sites with one 
electron and Mp the density with two electrons, 
then the density of electrons on gold sites is given 
by (BERNARD): 


2Nano(mo + n2) 
M,+2M2 = =i fo 


No(No + Nz) + No(mo + m1) 

For an n-type sample with Ez 0-20 eV from the 
conduction band and £; 0:15 eV from the valence 
band mm» > n, for temperatures of interest. Thus, 
approximately: 


; No + N2 
M,+2M2 = 2a core 
ng + £N2 


For the material used the donor levels are ionized 
over the temperature range investigated so the 
charge balance equation can be written for the 
extrinsic range: 

No + Ne 


no+2Na° am = Na, 
) 2 / 
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2n2+2Na—Na 
Nex = Ng = ——__—_—_- 
2 


8n2(Na— Na) 





1/2 
a ), (7) 
(2n2+2Na—Na)? J 


which is defined as mex, the extrinsic carrier con- 
centration. 

When the hole density becomes non-negligible 
at high temperatures it has been allowed for by 
using the form: 


ng—n/ng = Na—Na- (3) 


This involves a small error since the acceptor 
sites are not completely ionized at the temperatures 
when the hole density begins to make a significant 
contribution to the conductivity. 


Sample Material. 'The material used in the 
experiments, n-type gold-doped germanium, was 
kindly supplied by M. Lasser of the Philco 
Corporation. The material was single crystal 
germanium with the second gold level (0-20 eV) 
partially compensated. The material is described 
briefly in the article by Lasser et al.“8) which 
discusses the n-type gold-doped germanium 
infrared detector for which it was prepared. 

Samples shaped into bridges were used for 
Hall and conductivity measurements as well as 
PC and PEM measurements. 


Hall and conductivity measurements 

Conventional cryostat arrangements were used 
for the temperature control of the sample. The 
Hall and conductivity measurements were made 
using a DAUPHINEE and Mooser'!4) system and a 
potentiometer for high resistance work. 

The carrier concentrations have been calculated 
from the Hall coefficient R = y1/ne with the factor 
y assumed equal to 37/8. Impurity scattering is 
important even near room temperature, since the 
mobilities are smaller than the values given by 
Morin") (Fig. 2). The value of y can be calculated 
on the basis of the ratio of the accepted to the 
observed mobilities and then the correct mobili- 
ties"6) recalculated. Using y = 37/8 the maximum 
error, which occurs at low temperature, is not more 
than 50 per cent. 

The effective mass of electrons and holes used 
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in the carrier concentration expressions and the 
equation for m were taken from CONWELL"™”), 
The variation of carrier concentration with in- 
verse temperature is shown in Fig. 1. Using the 
analysis procedure of Lee8) on the experimental 
points of Fig. 1, values of Ng and Ng are obtained. 
These values Ng = 2-9 x 1015 per cm? and Ng = 
4-7 x 1015 per cm’) were used in equations (7) 
and (8) to evaluate the solid line curve of Fig. 1. 


Fic. 1. Variation of carrier concentration with reciprocal 
temperature. From the shape of the curve both Na 


and Na were evaluated. 


In the intrinsic conductivity region a mobility 
ratio of 1-2 resulted in the best fit of theory to the 
experimental points. As the choice of m values 
effects the choice of 6 the value of 1:2 is not 
highly accurate. 


Mobility Data. The values of jz» shown in Fig, 2 
were calculated using values of m shown in Fig. 1 
along with conductivity measurements. The py 
line represents the value of jz, used in the work to 
be quoted. The lines labelled pxzn and uz» are the 
mobility data of Morin") for high purity Ge. 
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Fic. 2. Mobility data of Morin (uLn and ply) with 

electron mobilities deduced from Hall and conductivity 

measurements. The hole mobility was estimated using 
a mobility ratio deduced from Mortn’s data. 


Because of the uncertainty of the b-value deduced 
from the electron concentration data, a py/pyp 
ratio equal to the value for high purity germanium 
was used to calculate pp. 


PC-PEM Data 

Using a calibrated light source restricted to the 
wavelength interval 1-2-1-4 microns, the data of 
Fig. 3 were obtained. The solid line curve has been 
calculated using equations (1), (2), (3) and (4), 
with the following data. Ng = 2:9x 104 cm-3, 
Na = 4:7x 10% cm-3, Cp, = 2-7 x 10-6 cm sec"! 
and Cy, = 1-5 x 10-9 cm? sec~!. The cross-sections 
of recombination, using a value of vy = 1-8 x 107 
cm sec! and vm, = 1:5x10’ cm sec"! (T= 
300°K), are Ap, = 1:5x 10-18 cm? and An, = 
1-0x 10-16 cm?. The ratio of Ap/An = 1500 is 
very large, but somewhat smaller than the value of 
6000 obtained by JoHNsoN and LEVINSTEIN. 
Their A-values are Ay, ~ 10-%cm? and 
An, ~ 107)? cm?. 


WILLIAMS 





Cnoc exp -O-Ol/kt | 


em 


oF 


t _ 





Cn = const. 


7>(pc/pem) 


Na=2:9xlO-(cc)” 
Nd=4-7 x10'°(cc) 
Cn=!-5 xlO “(cc x sec) 
Cp=2-7 x10 “(cc x sec) 











10°/T 


’ 


Fic. 3. Measurements of the lifetimes of electrons tn, 
and holes tp,. At high temperatures surface recombina- 
tion effects dominate the recombination process. In 
spite of this the ratio of PC and PEM signals has been 
used to evaluate the now equal lifetimes. (x-point at 


400°K). 


Although there is general agreement between the 
experimental points and the theoretical curve, 
the deviations are such that detailed discussion 
must be given of the three temperature regions: 
below 120°K, above 350°K, and near 200°K. 
In analysing the data, recombination through the 
lower gold level could not be used to explain any 
of the discrepancies. 


Low Temperatures. The lack of points at low 
temperatures for 7p, is a consequence of the re- 
duced PEM signal which was lost in noise. 

Below 125°K the lifetime curve rises having an 
energy slope of 0-01eV. The theoretical (solid 
line) lifetime is based on a temperature insensitive 
cross-section and the rising curves suggest that 
Cn, is proportional to exp(—0-01/RkT). JoHNSON 
and LEVINSTEIN also observed such a region but 
their slope indicated an energy of 0-018 eV. 
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Other Lifetime Values. Above 350°K the 
deviation of the experimental points from the 
calculated curve can be explained in terms of 
surface recombination. 

At 400°K the electron and hole lifetimes are 
nearly equal and equations (5) and (6) are applic- 
able. It can be shown simply that if the tp, and 
Tn, are reinterpreted in terms of these equations, 
that 72/7», = 72, the now equal value of electron 
and hole lifetimes for recombination through the 
upper gold level. The ‘‘x’’-point marked on the 
graph at 108/7' = 2-5/°K is a point so calculated. 
The discrepancy between this point and the 
calculated curve embodies all the errors in cali- 
brating of the intensity of the radiation used to 
determine the magnitude of ry, and tn,, as well 
as errors in measurement and the mobility 
assumption. The value of the x-point should be 
more accurate in magnitude than the rest of the 
experimental points as it is an evaluation of 
lifetime based on the ratio method (ratio of equa- 
tions (5) and (6)) eliminating light calibration 
errors. 

Measurements of photoconductive response 
times were made using a frequency response 
technique."9) This method was preferred to a 
spark-gap pulse technique because the AR/R 
changes could be kept much smaller. In the 
temperature range 90°-145°K the PC response 
time values deduced were a factor of 2 larger than 
the value based on the magnitude of the photo- 
conductivity. This result combined with the PC 
PEM ratio lifetime indicates that the values of Ap 
and Az» are too large by a factor of 30-50 per cent. 


Surface Recombination. Accepting the calculated 
values of lifetime as correct, the value of the hole 
diffusion length has been evaluated over most of 
the temperature region (Fig. 4). The points are 
data used in calculating 7y,. With these values of 
Lp, equation (6) and the value of 7p, a value of s 
can be determined for 400°K. The value obtained 
is 2:4 x 104 cm/sec. With Lp falling rapidly at low 
temperatures it can be said only that s does not 
increase rapidly with decreasing temperatures. 


Inhomogenieties 

Near 120°K the Fermi level crosses the upper 
gold level and the factor of 2 in front of the 
Shockley—Read equations (1) and (2) has a value 
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Fic. 4. Calculated diffusion length data compared to 
length deduced from PEM measurements. A surface 
recombination velocity has been deduced for 400°K. 


of 1-3 for lower temperatures. Such a change 
would result in a less round lifetime curve in this 
temperature region but not a maximum-—minimum 
curve. This shape of the experimental curve is 
associated with inhomogeneities in the distribution 
of gold or the compensating impurity in the 
crystal. The acceptor concentration of 2-9 x 1015 is 
at least as large as is obtained in pulled crystals. 
Since the crystals were doped by zone levelling 
it is quite conceivable that the Au concentration 
was sufficiently high to produce some segregation. 
A second crystal with nearly equal gold and donor 
concentrations showed even more pronounced 
effects in this same temperature region. However, 
above 200°K the lifetime values as well as their 
dependence on temperature paralleled closely 
the results of Fig. 2. ‘Tweet ®® has observed con- 
ductivity irregularities which he has been able to 
associate with segregation. 

Some long wavelength measurements confirm 
that the peculiarities found near 160°K are not a 
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(b) 


Fic. 5. (a) Irregularities near 200°K are shown to be 
bulk effects rather than surface effects by using pene- 
radiation (A = 2:12). (b) Using a higher 
light the irregularities near 200°K are 


trating 
intensity of 
essentially removed. 


feature of the short wavelength highly absorbing 
light. Fig. 5(a) shows the results of measurements 
made with radiation of 2-12 4 which would be 
nearly uniformly absorbed through the crystal. 
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The same maximum-minimum behaviour is 
observed. Curve (b) of Fig. 5 was obtained at 
short wavelengths using a high light intensity 
level. The irregularities disappear with this high 
level of illumination, but such a level was not 
used at it was in general attempted to keep the 
change of conductance less than one part per 
thousand. Since a synchronous detector was 
employed for all the measurements this was 
accomplished. 

The fall-off of the long wavelength photo- 
conductivity at high temperatures does so pro- 
portional to exp(+0-4/RkT). This results from 
the combination of a decreasing lifetime and a 
decreasing population of Hp» states the latter of 
which determines the fraction of the radiation 
absorbed. As both factors have very nearly a 
0-2 eV exponential exponent, the 0-4 eV slope is 
expected. 


DISCUSSION 

Table 1 summarizes the measurements of re- 
combination cross-sections of gold in germanium. 
The errors indicated for the results herein 
presented are based on estimated errors of the 
various measured parameters, and assuming the 
theory utilized is correct. There are apparent 
discrepancies in some of the values of cross- 
sections. Having analysed the impurity concentra- 
tion temperature dependence and used more 
recent lifetime theory, the data presented is felt 
to be more reliable than that of JOHNSON and 
LEVINSTEIN. The measurements were performed 
at sufficiently short wavelengths that quenching 
effects should be absent. 

JoHNsToN and LEVINSTEIN interpret their 
exponential temperature dependent cross-section 
in a way which is believed difficult to substantiate. 
Using their equation A,, = A), exp(—AE/RT) 
is about equal to Ay, at T = 


implies that A), 


n2 


400°K. [exp(—0-01/RkT) = 0-7)]. It is difficult 


/ 


on this basis to call A,,, 
would have a different charge state, thus a different 
cross-section is expected. Additional measurements 
are required to resolve these points. 


= An, as An, and An, 
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Table 1. Recombination cross-sections of the various levels of gold in germanium 


JOHNSON & 
Cross-section LEVINSTEIN, 
(cm?) 90°K 
= 1x10 
~ 10-17 
10 13 
= 6x10 


‘An, = lies exp(— AE/RT). 
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0-3) < 10-16 1-6(+ 0-5) x 10-16 
1-0) x10 13 
4-2 (+ 1:3) x10- 
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DISCUSSION 


VAN DER MAESEN: In using the ratio PC/PEM, did combination cross-sections it was calculated that tn, was 
you assume beforehand that An = Ap? equal to ty, above room temperature. Thus for these 
temperatures An equals Ap and the PC/PEM ratio 
method can be used to evaluate the electron and hole 
lifetime. 


R. L. WiLiiaMs: I assumed that An was not equal to 
Ap, which is the case if equations (1) and (2) are used. 
However, based on the measured low temperature re- 
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LOW 'TEMPERATURE ELECTRON TRAPPING LIFETIMES 
AND EXTRINSIC PHOTOCONDUCTIVITY IN n-TYPE 
SILICON DOPED WITH SHALLOW IMPURITIES* 


R. S. LEVITT} and A. HONIG 


Syracuse University, Syracuse, New York 


Abstract—The trapping lifetimes of conduction electrons photoexcited from shallow impurities 
have been measured in the liquid helium temperature range for samples of n-type silicon whose 
donor and compensating acceptor concentrations vary from 10! to 10!® impurities/cm*, A steady 
state method was employed, in which the conduction electron lifetime tz is equal to met'/Nj. ne is 
the conduction electron concentration which is determined from low temperature photo-Hall 
measurements, and N%7! is the electron generation rate. The neutral donor concentration N} is 
measured by the Hall effect and 7‘, the lifetime against photoionization of a neutral donor, is 
obtained directly by an electron spin resonance technique. The trapping lifetimes tz are generally 
independent of temperature between 4:2°K and 1:2°K, and are inversely proportional to the 
compensating acceptor concentration. This latter was determined using a recently developed com- 
bined infrared radiation and spin resonance method. The trapping cross-section result for phos- 
phorus donors is about 5 x 10-12 cm? at 3°K. This is about an order of magnitude larger than the 
value obtained from the giant trap theory of Lax. Also, the concentration independence of the 
cross-section in the region of temperature independent tz is not easily accounted for. The mobility 
of electrons photoexcited with 2 micron radiation considerably exceeds the mobility of electrons 
photoexcited with 8-25 micron radiation. This suggests the possibility of excitation to another band 
or minimum by the 2 micron radiation, as is also suggested by the free carrier absorption peak near 
2 microns found in n-type silicon by SPITZER and Fan. 


the generation rate enables one to measure the 
lifetime of the photoexcited electrons against 
trapping by the charged shallow impurities. One 
can also calculate the capture cross-section of 
these trapping centres if the ionized impurity 
concentration, or compensation, is known. This 
latter was determined accurately by employing 


1. INTRODUCTION 
ELECTRON spin resonance experiments at liquid 
helium temperatures on donor electrons bound to 
phosphorus impurities in silicon have yielded a 
method of measuring the conduction electron 
generation rate under extrinsic radiation.“ The 
electron generation rate is proportional to the rate 


at which the donor electrons are photo-ionized 
by the extrinsic radiation, and this was shown to 
be equal to the rate at which the electron magneti- 
zations associated with the two hyperfine com- 
ponents of the bound electron spin system 
approach equilibrium via an electron interchange 
mechanism."!) Combined with experimentally 
obtained knowledge of the photo-carrier con- 
centration by conventional photo-Hall and photo- 
conductivity measurements, the determination of 


* Supported in part by the Air Force Office of 
Scientific Research. 

+ Now at I.B.M. Thomas J. Watson Research Center, 
Yorktown Heights, New York. 
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a recently developed spin resonance technique. ‘2:9? 

There have been several previous investigations 
of the capture cross-sections due to shallow im- 
purities in silicon and germanium at liquid helium 
temperatures. SCLAR and BUuRSTEIN™), using a 
steady state method, obtained a rough magnitude 
for the capture cross-section, and its very large 
value prompted the theoretical study of the 
problem by Lax, who showed that capture in 
highly excited states could yield the required 
large cross-sections.) A quantitative study of the 
concentration and temperature dependence was 
not possible in the SCLAR and BurRsTEIN experiment 
because the concentrations and compensations 
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were not known accurately and because it was 
difficult to know the electron generation rate with 
any precision. Korenic) has used a transient 
method to determine the trapping cross-section of 
Sb ions in germanium as a function of temperature. 
ASCARELLI and Brown'?) employed a different 
transient technique on similar material. ‘They both 
obtained large of comparable 
magnitude, but their temperature dependences 
differed, and concentration dependence was not 
studied over an appreciable range. Recently, 
RopriGuEz and AscaRELLI'S) have proposed a 
theory which differs in some essential respects 
from that of Lax, and which gives cross-sections 
of the required magnitude. 

In this paper, our steady state method for 


cross-sections 


determining cross-sections is described and our 
cross-section determinations over the temperature 
range of 4-2°-1-2°K on silicon samples varying 
in phosphorus ion concentration from 10!° to 
1016/cm3 are given. These results are discussed in 
connection with the existing theories. In addition, 
measurements of the mobilities of photo-excited 
carriers were made at various temperatures, under 
radiation of different wavelength, and on samples 
covering a wide concentration range. Results of 
these studies are presented and discussed in the 
context of available theory. Evidence for the 
existence in silicon of conduction band minima 
having higher energy and smaller effective mass 
than the minima along the [100] direction is also 


presented. 


2. GENERAL PRINCIPLES 

(1) Paramagnetic resonance 

Since the major feature of our method for 
obtaining lifetimes involves paramagnetic 
resonance techniques, we describe these first. 
Electron spin resonance on phosphorus donors 
in silicon was first reported by FLeTcuer et al.'9), 
who observed two well-resolved hyperfine com- 
ponents associated with the m; = +1/2 and 
m; = —1/2 orientations of the phosphorus nuclei. 
Subsequently, the thermal electron spin-lattice 
relaxation processes were studied in considerable 
detail.9.11) Tt was found that for phosphorus 
concentrations below about 10!6/cm°, the thermal 
spin-lattice relaxation time varied from minutes to 
many hours in the liquid helium temperature 
region for moderate magnetic field strengths. 
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Additional bound electron spin-lattice relaxation 
under sample illumination by intrinsic radiation 
was observed by FEHER and FLETcHerR'!?), and 
Pings et al.43) proposed that it was due to electron 
exchange between the bound electrons and con- 
duction electrons which were presumed to relax 
rapidly while in the conduction band. ANDERSON“!1) 
pointed out that exchange of bound electrons with 
conduction electrons could lead to an observable 
relaxation mechanism even if the conduction 
electrons did not relax to a Boltzmann distribution 
in the conduction band, provided the electron 
spin populations associated with the two hyperfine 
components differed. A similar relaxation mech- 
anism was shown by Honic") to occur under 
interchange of bound electrons via extrinsic 
photoexcitation to the conduction band. These 
latter exchange and interchange processes are the 
ones which are important for our present purposes, 
and because the times for these processes can be 
made considerably shorter than the spin-lattice 
relaxation time of the bound electrons due to all 
processes, the spin-lattice interactions can be 
neglected* in our discussion. The interchange 
relaxation process is illustrated in Fig. 1. The 
magnetization associated with the electron spins 
is proportional to the difference in population of 
electrons in the ms = —1/2 and ms = +1/2 
states, which is denoted by An. Anz, is thus pro- 
portional to the electron magnetization for the 
my; = +1/2 hyperfine component, and Any for 
the m; = —1/2 hyperfine component. The system 
is initially allowed to come to equilibrium via the 
spin-lattice relaxation processes, providing 
approximately equal magnetization for both 
hyperfine components. Then the magnetization of 
one of the lines (in this case the one with my; = 1/2, 
denoted by L) is reduced to zero by resonating 
that line alone. Extrinsic light is next allowed to 
ionize the neutral phosphorus impurities without 
regard to the magnetic energy state so that the 
electron magnetization per carrier of the resulting 
conduction electrons, Ane/me, is just the average 
value of the electron magnetization per impurity 
of the bound electron system, (An;+Any)/N9, 


*For some samples, the illumination introduces 
spin-lattice and spin heating effects which cannot be 
neglected in the evaluation of +‘ and 7%. In these cases, 
it has nevertheless been possible to interpret the data 
in a satisfactory manner. 
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where Nj, is the neutral impurity concentration. 
Subsequent recapture of these electrons impartially 
by phosphorus nuclei of both m; = —1/2 and 
mz; = +1/2 leads to relaxation of the magnetiza- 
tion per impurity associated with both hyperfine 
lines to the average magnetization per carrier 
held by the conduction electrons. It is easy to 
show that the relaxation rate (7“)~1 is just the rate 
of ionization of a neutral donor, which is denoted 
by S. As mentioned above, exchange would 
produce a similar experimental effect. One must 
know the singlet exchange cross-section for a 
conduction electron and bound electron, the 
neutral phosphorus impurity concentration N? 
and the conduction electron lifetime fz, to 
determine whether exchange or interchange 
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will be the dominant process. This can be easily 
understood because the interchange rate 
(z*)-1 = S, which depends only on the magnitude 
O of the absorbed light flux, while the conduction 
electron exchange rate (7¢)~1 depends on the sing- 
let exchange cross-section and on the conduction 
electron concentration, which is equal to SN@tz. 
We have also observed another mechanism which 
produces the same experimental effect as 74 and 
7x, but which is strongly concentration dependent. 
We attribute this to exchange between bound 
electrons in their ground state and bound electrons 
which have just been trapped in highly excited 
states, so that overlap occurs during part of the 
time in which they cascade down to the ground 
state. The relaxation probability for this process 
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Fic. 2. Experimental ‘‘hyperfine’’ 


relaxation time 7” induced by a constant extrinsic 


light flux plotted against neutral donor concentration. (7/)~! is equal to (7*)-14+(7¢) 14+ 


TB) 


1, i.e. the sum of the interchange rate, the conduction electron exchange rate and 


the excited state bound electron exchange rate. 7%‘/7! was experimentally determined 


to be equal to about 11 K’, where K’ = 
neutral donor concentrations. Samples are phosphorus-doped 


Na/Nj. (7%)~} becomes important at high 


silicon compensated 


with boron. 
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is denoted by (r)-!. We can express the experi- 
mental relaxation process seen in Fig. 1 in terms of a 
total ‘‘hyperfine”’ relaxation rate (r#)-! which equals 
(rf)-1 + (788)-1 + (7H). In an earlier work, 
it was suggested that (7‘)-! dominates for most 
samples. Since then, we have verified this utilizing 
a technique by means of which the conduction 
electron lifetime in a single sample can be varied 


(6) 


[100] <— 
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can be measured quite accurately. As stated before, 
this is the basis of our accurate determination of 
the conduction electron generation rate. 


2. Electron trapping lifetime and capture cross- 
sections 
The energy band scheme for n-type com- 
pensated silicon is illustrated in Fig. 3. At low 
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Fic. 3. Energy band scheme for n-type compensated silicon at low temperatures, and 
illustration of the dynamics under extrinsic photo-ionization. The 0:5 eV suggested energy 
difference between the 4-fold minima in the [111] directions and the 6-fold minima along 
the [100] directions comes from the A ~ 2 » absorption peak observed by Spitzer and Fan‘), 


over a factor of 10 by controlling the number of 
ionized impurities with intrinsic light irradia- 
tion.2.3) This has made it possible to determine 
separately +! and 7.7% is obtained from 
measurements at constant light flux Q on higher 
concentration samples, In Fig. 2, the results of 
these investigations are plotted. It is seen that for 
dilute samples with greater than 8 per cent 
compensation,+ interchange dominates and 7/ 





t The reason the relative importance of exchange and 
interchange relaxation can be expressed in terms of the 
compensation is as follows: (7*)-1 = S, (7¢)-1a SN} tz, 
and therefore (7¢‘/7#)0c1/N9tz. We have determined 
that tp,«(Na)-1 (see Section 4), and_ therefore 
(7¢*/7*) « Na/N$, or K’. 


temperatures, the neutral donor concentration 
N? equals Np—Na, where Np is the donor 
concentration and Ny is the compensating acceptor 
concentration. Extrinsic radiation (1:1eV > EF > 
0-044 eV or 1-1 p < A < 28 1») photo-ionizes these 
neutrals and generates conduction electrons per 
unit volume at a rate G = SN®. The conduction 
electrons are captured predominantly by the 
positively charged donor ions (whose concentra- 
tion N5 = Na) at a rate 1/tz, per electron so that 
the rate equation for the conduction electron 
concentration Me is 


(1) 


dne/dt = SN9—n,/tz. 
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In the steady state 
‘ATO 
th = Ne SN>: 
The rate of capture per trap is 
4= (tzNa) oe 
where « is defined as the capture rate constant 
and is related to the energy dependent capture 
cross-section o(E£,) by 
(a(Eo)ve >, (4) 
where v, is the velocity of carriers with energy Eo. 
o(E)ve»> represents a Boltzmann average over 


the actual electron energy distribution. One can 
define a capture cross-section as 


a= 


Cc = o(Eo)ve ; Ve /* (5) 
Then 


Oe = a(8kT/azm*)-1/2, (6) 


where m* is the effective mass of the carriers and 
k is the Boltzmann constant. 

To determine tz from equation (2) one evaluates 
ne from a low temperature measurement of the 
photo-carrier mobility and resistivity p. Sub- 
stituting %- = (epy)-1 in equation (2) and replacing 
S by (7*)-1, as was shown in the previous Section, 
we obtain 


at 


7 


(7) 


i= 


eppN? 


It is convenient to express p in terms of the 
photocurrent 7 and the temperature independent 
factor R/pV, where R is the sample resistance and 
V is the applied voltage. This yields for tz the 
expression from which our lifetimes are directly 
derived: 

2 R -t 
i= “caine (8) 
V p euNs 

Generally one does not measure p directly. In 
the case of a photo-Hall experiment, the Hall 
mobility jz is obtained. It is related to » by the 
Hall factor ry through » = py/ryz. Photo-magneto- 
resistivity yields a mobility given by the relation 


(Ap/poB?)!/2 x 108 = pp, (9) 
where Ap = (pg—po) is the change in the photo- 


resistivity observed when the magnetic field is 
changed from 0 to B. yg is related to uw by the 
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factor rg through » = pp/rg. There is no reason 
to suppose rg = ry or that either is equal to unity 
since they are affected by non-spherical energy 
surfaces, scattering anisotropies, and energy 
weighting factors which may differ according to 
how the mobility is measured. It is known,‘l4) 
however, that for ionized impurity scattering in the 
concentration and temperature range of most of 
our experiments, ~ 1 < ry < 2, so that using 
uy in place of ~ ought not to introduce an error 
larger than a factor of 2.1 


3. APPARATUS AND SAMPLE PROPERTIES 


A standard X-band (~9kMc/s) low temperature 
spectrometer was used in performing the electron spin 
resonance measurements. The sample is illuminated via 
an optical system composed of a source, prism mono- 
chrometer, light-pipe, cold filters and reflector. This 
system is illustrated schematically in Figs. 4 and 5. 
Fig. 4 also shows the components used to measure 
the magnetic field, photocurrent, photo-Hall coefficient, 
and to detect the resonance and calibrate the mono- 
chrometer. The design of the low temperature assembly 
is shown in Fig. 5. The mirror is mounted on a sliding 
block which when pulled up shields the sample from 
all illumination. Various combinations of filters and 
reflectors allow us to restrict the illumination to the 
desired wavelength region and to eliminate unwanted 
wavelengths from room temperature sources such as the 
top of the light pipe. For the long wavelength experi- 
ments the top of the light-pipe at room temperature 
served as the source, and a CaF¢ reflector was used which 
passed only wavelengths longer than 20 p. 

Two types of samples were used. One type is bridge 
shaped with six arms on which the room temperature 
resistivity p and low temperature photo-Hall mobility 
4H were measured. The other is a more or less rectangular 
slab on which the relaxation rates and low temperature 
photo-resistivity were measured. These two sample 
shapes were shown to be electrically identical by noting 
that the ratio R(300°)/R(photo, 4°) on each sample 
shape was the same and was equal to p(300°)/p(photo, 4°) 
on the bridge shaped sample. R is the ohmic resistance 
of the sample. Electrical contacts were made by alloying 
0-005 in. diameter, 0°6 per cent antimony—doped gold 
wire onto the sample by a technique similar to welding. 
No anomalous effects usually attributed to contacts 
were observed at the low electric fields (~ 1 V/cm) 
used: Ohm’s law was obeyed at all temperatures. 

Some of the characteristics of the seven samples 
studied are presented in Table 1. The donor and 
compensating acceptor concentrations varied over three 
orders of magnitude. The compensating acceptor con- 
centration was determined by employing a newly 





t For the high concentration samples at low tempera- 
tures, the theory partially breaks down. It seems 
plausible, however, that ~ 1 < ry < 2 is still true. 
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Fic. 4. Schematic of equipment used to determine the photo-carrier generation rate with paramagnetic 
resonance techniques and to measure the photo-carrier transport parameters. 


developed resonance technique'2:3) in which the increase 
in the concentration of neutral donors resulting from the 
neutralization of donor ions upon illumination with 
intrinsic light is determined from the resulting increase 
in the paramagnetic resonance signal. Since the minimum 
concentration of neutral donors is (Np—Na) while the 
maximum concentration is Np, the ratio (Np—Na)/Np 
can be determined. By measuring the concentration of 
neutral donors from the room temperature Hall co- 
efficient, the value of Na can be separately obtained. 
This method was checked against the more conventional 
one in which Na is deduced from the temperature 
dependence of the Hall coefficient and agrees well. 


4. RESULTS AND DISCUSSION 
Lifetime and capture cross-sections 
7’ was measured for three samples in which 
interchange is the dominant relaxation mechanism. 
We were able to ascertain the consistency of the 


photon flux over many runs. The value of 7! so 
obtained and the photo-current measured in the 
same photon flux for all the samples were inserted 
into equation (8). The results for the trapping 
lifetime vs. the acceptor concentration are plotted 
in Fig. 6. The solid line represents a capture rate 
a = (tzNa4)} 1-15 x 10-5 cm?/sec. 
Since the photo-Hall mobility was used to 
determine ¢z,, the lifetime 
ceivably be as much as a factor of 2 too small 
corresponding to ry = 2. Aside from this possible 
but unlikely systematic error, the values of ty 
given in Fig. 6 are good to within 20 per cent. 
Under long wavelength radiation (A > 20,4), « 
agrees within a factor of 2 with the « measured 
under 2 wavelength radiation. The A > 204 
data is not as reliable as the 2 data, however. 


constant of 


values could con- 





R. S. LEVITT and A. HONIG 


LIG 


wma -— WINDOW (FOR VACUUM SEAL) 


CLOSED 


SHUTTER SWITCHS 
UY, 
Y, 


rassecssesssssessoesaci Dh 


EXHAUST -—— 


NITROGEN — 


HELIUM 


FILTER 


REFLECTOR 


TEFLON REFLECTOR HOLDER 


— LIGHT PIPE 
(GOLD PLATED STAINLESS STEEL K-BAND WAVE GUIDE) 


{/-— p -WAVES 
~ MICA WINDOW FOR VACUUM SEAL 


—ELECTRICAL CONNECTIONS 


—=- -— HELIUM IN 
‘ 
TRANSFER TUBE 


STYRAFOAM 


JENER GLASS |.R. ABSORBER 








COUPLING IRIS 








—————> MAGNETIC FIELD 
SAMPLE 


EXPERIMENTAL CAVITY 


Fic. 5. Low temperature assembly for simultaneous microwave and infrared 
irradiation. Infrared radiation reaches the sample via a light-pipe and re- 
flector. The reflector is movable and also serves as a shutter. Suitable choices 
of filters and reflectors permit various narrow-band wavelength regions to 
be employed. The sample, equipped with leads for measuring the photo- 
current, is located in the center of a full wave X-band microwave cavity. 


All of our samples except 4-5-0-15-16 exhibit a 
temperature independent fz, so that from equation 
(6), o¢ is proportional to 7-1/2, This is seen in 
Fig. 7, as well as the temperature dependence of 
sample 4-5-0-15-16. The theoretical curve ob- 
tained from the giant trap theory of Lax") is also 
shown. A similar reservation to that mentioned 
above regarding the reliability of tz applies to our 
a; values; namely, they could be as much as a 
factor of 2 too large corresponding to rq = 2. 

The large value of a, obtained in the tempera- 
ture independent region of the capture rate 
constant « is consistent with the model%.8) of 
capture into an excited bound state of the donor 


the geometrical 
of the impurity, 


impurity ion. For comparison, 
cross-section of the ground state 
given by 


o* = a[(K/m*)aoP, 


is 100 times smaller than o¢ at 1°K. In this equa- 
tion, K is the dielectric constant (12 for silicon) 
and dy is the Bohr radius. 

We now review briefly the present state of the 
relevant theory. Lax®) has suggested that the 
large capture cross-section is due to the capture 
of the electron in a highly excited state of the 
ionized donor with the simultaneous emission 
of either a photon or phonon. Subsequently the 
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Fic. 6. Electron trapping lifetime dependence on compensating acceptor 

concentration in phosphorus-doped silicon. Experimental points are de- 

termined from the quantities 7‘, p and ux measured in a fixed light flux. 

For the experimental point at each extreme of the curve, the mobility was 
extrapolated rather than measured. 


electron either emits additional phonons and 
cascades to smaller and more tightly bound orbits 
or is thermally re-ionized into the conduction 
band. When the electron reaches an orbit which is 
more than kJ in energy below the conduction 
band the electron can be considered trapped and 
eventually enters the ground state. If, however, 
the highest energy thermally stable orbit overlaps 
a lower energy orbit of a neighboring ionized 
donor, this is not a localized orbit. One cannot 
count the electron as trapped in this orbit when in 
fact it is more suitably described as being trapped 
in the orbit of the neighbouring donor ion to 
which it is closer. This results in a cut-off to the 
cross-section, since the maximum value of oa, 
will correspond to the maximum localized trapping 


orbit. Until the temperature is lowered to the 
point 7, where the highest energy thermally 
stable orbit has a radius equal to that of the 
maximum localized orbit, o, would have a strong 
temperature dependence (~ 7-4). Below To, 
which we call the cut-off temperature, o¢ should 
have only the 7-1/2 dependence associated with 
the velocity of the electrons. The radius ro of the 
highest energy thermally stable orbit at J, is 
found by setting k7', equal to the binding energy 
of the orbit, i.e. 


hTy = €2/Kro. (10) 


The most probable separation of donor ions is rs, 
which based upon a random distribution") of 
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Fic. 7. Temperature dependence of the capture cross- 
section of 2 photoexcited carriers in phosphorus- 
doped silicon. The J -!/2 dependence of the upper 
curve corresponds to a temperature independent lifetime 
tt, and is the observed dependence for most of the 
samples. The sample with a ~ 7-* dependence above 
3°K is also shown. The dashed curve corresponds to 
the capture cross-section for silicon based on Lax’s 
theory. 


N7, is given by 


rs = (2nNZ)18, 


(11) 


T, is thus determined by setting 74 equal to (1/2)rs. 
Because of the dependence of rs on N>( = Na) 
we would expect 7, to be proportional to N1/3 and 
o-(max) to be greater the purer the material. 
Referring to Fig. 7, this is not observed. 

The cut-off radius can also arise in a different 
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way. It is necessary to introduce either a cut-off 
or a screening to the long range Coulomb potentials 
of the donor ions to prevent divergences in ionized 
impurity scattering theory.4) One generally uses 
a potential of the form 


d(7) = (—e?/Kr) exp(—r/R,), (12) 
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where R, is the screening radius beyond which 
d(r)->0 rapidly. This can be interpreted as 
meaning bound states cease to exist beyond a few 
Ro. DincLe®6) has shown that Ro, depends on 
temperature and concentration according to 


Ry = (1/e(KRT/4xn')1/2, (13) 


where n’ = ne+(Nat ne)N0/Np. If the maximum 
o,¢ is limited by R, then the cut-off temperature 
is obtained from equation (10) by setting r, equal 
to Ry. One obtains 


T, = €2/Kk(4xn’)1/3, (14) 


Again 7, should decrease and o¢(max) increase 
for purer material, which is contrary to what is 
observed. 

Table 2 summarizes pertinent information 
concerning the cut-off radius based upon the two 
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on samples 4-5—0-15-16 and 6-2-15 (which have 
approximately the same acceptor concentration 
but very different 7,) appears in a natural way, 
and because of the absence of observed variation 
of oc(max) in samples of markedly different 
concentrations. 

Experimental investigations of trapping cross- 
sections of shallow impurities in germanium have 
been made by several workers. A summary of the 
results is presented in Fig. 8(a). The transient 
technique used by AscARELLI and BRowNn"? and 
KoEnIG®) can result in serious systematic errors'®) 
and certain of the data presented in Fig. (8a) must 
be considered with caution. A measurement by a 
different technique on fairly pure germanium has 
recently been made by Mrcuet and RosEeNBLUM"?), 
who apparently obtain a temperature independent 
lifetime in their purest sample. 


Table 2. Summary of data pertinent to cut-off radii of excited states of impurities in silicon and 
germanium 








a* = (K/m*)aot To = e2/KkT ot 


Material (cm) 





| 3-5x10- 
2-0 x10- 


4 
‘ 


Si 








Ro = (1 /e)(KRT/42n’)1/28 


(cm) 


$(27Na)'/39] 
(cm) 





-(T; = 


1-85 x 10-87, = 22°K) 
“6(T5 = 52 31°K) 


1-6 x10-*(T; = 


+ Radius of ground state in a medium with dielectric constant K and effective mass m*. do is the Bohr radius. 
t ro is the radius of the orbit which characterizes oc(max). 
§ Ro is the cut-off radius for screening of the coulomb potential as derived by DINGLE. See Ref. 16. 


n’ = n+(Na+n)N5p/Np. 


|| T’o is the temperature at which ro = rs/2 or rs = Ro. 


{| rs is the most probable separation of acceptor impurities and is obtained by maximizing the distribution function 


for neighboring centers: w(r) = 477r2N; exp[(47/3)r}Ni]. 
See Ref. 15. 


models just discussed. The geometrical radius of 
the ground state, a*, is also listed. For the excited 
state of quantum number 2, a” = nao. We note 
from the Table that both the overlap and screening 
cases yield a 7, at least an order of magnitude 
larger than observed on the 4-5—0-15—16 sample. 
Because of the restricted temperature range used, 
no temperature cut-offs were observed on our 
other samples. We can say from the date only that 
To > 6°K for these samples. The situation 
regarding the above cut-off procedures is quite 
unsatisfactory in that no explanation of our results 


Recently, Ropricuez), and AScARELLI and 
RopRIGUEz") have proposed a theory for trapping 
in which lower-lying excited states, e.g. third or 
fourth excited states of the principal quantum 
number n in the liquid helium temperature range 
for germanium, play a dominant role in the capture 
process, as compared with somewhat higher 
excited states which would be mostly involved in 
Lax’s theory. It is easy to see how such a theory 
leads to a lower cut-off temperature 7%, since 
more excited states of radii smaller than the 
cut-off radii discussed above become available 
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Fic. 8. (a) Experimental values of the cross-section of shallow traps in germanium. 
(b) Calculated values of the cross-section of shallow traps in germanium and 
silicon based on the theory of Lax and that of RODRIGUEZ. 


for capture as the temperature is decreased. Their 
calculations have been made for germanium 
[see Fig. 8(b)], but unfortunately not yet for 
silicon. Nevertheless, it does not seem that their 
theory solves the difficulties inherent in our 
results. 

By way of summary, we call attention to a few 
features of the results on low temperature electron 
trapping by shallow impurities. The experimental 
cross-sections exhibit close to a 7% dependence 
at higher temperature and a 7-1/2 dependence at 
lower temperatures corresponding to a temperature 
independent capture probability of maximum 
value. The presence of a large excess of neutral 
donors may be the important parameter which 
reduces the cross-section in the 7~% region and 
reduces the cut-off temperature. The magnitude 
in the 7-% region of the cross-section of shallow 


donors in silicon appears to be an order of magni- 
tude larger than predicted on the basis of currently 
available theories and comparable to the cross- 
sections observed in germanium doped with 
shallow donors. None of the existing theories 
adequately accounts for the temperature inde- 
pendent capture probability. 

A final remark about the general question of 
capture into excited states seems appropriate here. 
There can be little doubt concerning the import- 
ance of the excited states in order to obtain the 
large o,’s observed and their temperature de- 
pendence. We believe additional evidence re- 
garding these excited capture states exists in the 
(7°*)-1 relaxation mechanism briefly mentioned in 
Section 2(1), and exhibited in Fig. 2. The relaxa- 
tion is attributed to overlap between excited state 
bound electrons and neighboring ground state 
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bound electrons. The temperature and con- 
centration dependence of the (7}*‘)-! mechanism 
are in qualitative agreement with this interpreta- 
tion. 


Mobility 

In order to determine the temperature and 
concentration dependence of ¢z, from measure- 
ments of the photo-current by use of equation (8) 
it is necessary to know how the mobility depends 
upon these parameters. This and other considera- 
tions motivated us to make a careful investigation 
of the mobility using several techniques. 

The results of the photo-Hall experiments are 
given in Fig. 9 and those of the photo-magneto 


The photo-magneto-resistivity mobility, jg, 
was calculated from equation (9). The photo- 
magneto-resistance exhibited a deviation from the 
expected4) B2 dependence at high fields for all 
samples and at lower fields for the more dilute 
samples where the field dependence is more 
like B3/2, 

The photo-Hall mobility was also measured 
under longer wavelength radiation (8-10 and 
> 20) and found to be 7-10 times smaller than 
under 2, photo-excitation. If we accept the 
proposal of SPITzER and Fan"8) which suggests 
that the 2 u free carrier absorption peak in n-type 
silicon is probably due to excitation to a higher 
lying energy band or minimum, then the larger 
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Fic. 9. Low temperature extrinsic photo-Hall mobility of phosphorus- 
doped silicon under 2 » photoexcitation as a function of compensating 
acceptor concentration. 


resistivity experiments in Fig. 10. The same light 
intensity and wavelength (2) and applied 
potential (1 V) was used as in the photo-current 
measurements. The solid curve in both figures 
represents a temperature independent (4:2°- 
1:2°K) mobility which varies as the —1/3 power 
of the acceptor concentration. The points represent 
the experimentally determined values which 
exhibited no temperature dependence within the 
+ 10 per cent experimental error encountered. 
The solid square represents the experimental 
value for the 4-5—0-15—16 sample in which neutral 
impurity scattering is expected to dominate due 
to the relatively large ratio of neutral to ionized 
impurities. 


mobility under 2 radiation could be due to 
carriers in this band or minimum with a smaller 
effective mass than carriers in the 6-fold degenerate 
minimum 85 per cent out along the [100] axis. 
As suggested by Fig. 3, if this minimum is the one 
at the edge of the Brillouin zone along the [111] 
axis it should be 4-fold degenerate. The lifetime 
of the photo-carrier in these minima would be 
determined by capture into the bound states of an 
ionized donor whose bound state wave functions 
must be made up of wave functions of the free 
electron states of these minima. Because all donors 
are essentially equivalent, the captured electrons 
can cascade to the donor states associated with the 
[100] minima, the excess energy being carried off 
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Fic. 10. Low temperature photo-magneto-resistivity mobility of phosphorus-doped 
silicon under 2 » photo-excitation as a function of compensating acceptor concentration. 


by phonons. If this model is correct then the 
lifetime of the 2 » photo-excited electrons in the 
[111] minima must be limited by the capture 
lifetime and not by a shorter lifetime against 
decay to the [100] minima or else the mobility 
of the photo-excited carrier would be independent 
of wavelength. Heating of the carriers by the 2 u 
excitation has been considered but is not believed 
to make any important contribution to the larger 
mobility observed under 2 w radiation. 

It is not possible to predict theoretically the 
photo-carrier mobility throughout this temperature 
and concentration region. The most rigorous and 
generally accepted method of calculating mobilities 
in the ionized impurity scattering region is that 
of Brooks and Herrinc"), One of the require- 
ments of their theory is that the Born approxima- 
tion be used, i.e. the motion of the carrier is only 
slightly perturbed by the scattering potential. 
This results in the restriction b= <2kR,>?2 > 1 
where k is the wave number of the carrier and R, 
is the range of the scattering potential given by 
equation (13). If we attempt to calculate the 
mobility assuming the Born approximation to be 
valid for b > 10 the resulting values agree within 
factors of 2 with that observed when carriers are 
excited with long wavelength radiation, or 


thermally at 7'> 20°K. The 2 photo-excited 
carrier mobility is accounted for on the dilute 
samples if we assume an effective mass ~ 0-1 m, 
and assume that the Brooks—Herring formulation 
can be used with 6 ~ 5. For these low concentra- 
tion samples for which 6 > 5 in the temperature 
range employed, the mobility so calculated also 
seems to approach temperature independence, 
in agreement with our observations. For the higher 
concentration samples the approximations are no 
longer valid at low temperature so that the tem- 
perature independence, concentration dependence 
and effective mass dependence of the photo- 
carrier mobility for these samples cannot be 
predicted with any of the presently available 
treatments of impurity scattering mobility. 

Other evidence exists to support this model in 
which carriers with a reduced effective mass 
exist for an appreciable time in a higher energy 
band or minimum when photo-generated with 
radiation in the 2 region. We refer to Section 
2(1), where it was pointed out that the exchange 
relaxation rate (r¢)~1 could be measured in- 
dependently and was proportional to the singlet 
exchange cross-section for a conduction electron 
and a bound electron. This exchange cross-section 
contains an (m*)-2 dependence. Preliminary 
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analysis of the data leads to an effective mass of 
with 24 


conduction electrons photoexcited 
radiation of roughly 0-15 me. 

A cyclotron resonance experiment under 2 
radiation seems definitely feasible, and would 
provide the most direct evidence for the existence 
of conduction electrons in these higher energy 
minima. 
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DISCUSSION 


G. ASCARELLI: Would it be possible that the ‘‘hot’’ 
carriers excited by light excite electrons out of excited 
states of the donors? 


R.S. Levitr: It is possible, but the short lifetime of the 
excited states of the donors results in only a small con- 
centration of these excited states, typically about 10°/cm® 
in our experiments, and the effect of electron excitation 
from these excited states should be negligible. 


T. S. Moss: Have you measured the spectral depend- 
ence of the high mobility carriers and is there evidence 
of a threshold energy for the production of these carriers? 


R. S. Levirr: We have only measured the spectral 
dependence of mobility using broad band illumination 
at > 20p and at ~ 6-12 p, and using narrow band 
illumination at ~ 2 uw. The results are consistent with the 
existence of a threshold, but are not extensive enough for 
a conclusive statement. 

M. A. LAMPERT: You have interpreted the increase of 
photo-excited electron mobility at 2 » exciting light as 
excitation to a new, higher conduction band minimum. 
How certain are you that you are not simply dealing with 
‘thot’? electrons in the normal, lowest minimum? 


Assuming the dominance of ionized impurity scattering 
in your samples, the mobility change is certainly in the 
right direction just from the hot carrier effect. 

It has seemed worthwhile to raise this question be- 
cause your trapping (recombination) times are certainly 
very short (10~1!9°-10~-!2 sec)—perhaps substantially 
shorter than the thermalization time for a 1/2 eV electron 
in the normal minimum. Indeed GOODWIN reports a 
thermalization time for slightly excited electrons (free 
carrier absorption at 8mm wavelengths) in Ge at 
4:2°K of 5X10-%sec. In your case (much hotter 
electrons) optical phonon emission may substantially 
shorten this time—but only down to a Debye tempera- 
ture roughly of the electrons, at which point only 
acoustic phonons will be effective in further cooling. 

R. S. Levitt: It is possible that ‘‘hot’’ electrons in the 
normal minimum are responsible for the increased 
mobility. Such an explanation would be similar to that 
given by ROLLIN and RowELL for their low temperature 
mobility study in p-type germanium.* However, we 
prefer the interpretation of excitation to another 





* Proc. Phys. Soc. Lond. 76, 1001 (1960). RoLLin 
B. V. and Rowe tt J. M. 





284 


minimum for the following reasons. (1) The spectral 
dependence of the excitation of high mobility carriers 
corresponds roughly to that of the free carrier absorption 
peak measured by SPITZER and FAN (Ref. 18) in n-type 
silicon (see reply to above question by T. S. Moss). 
(2) The trapping lifetimes of our samples varied from 
~5x10-* sec to ~ 5 X10-!2 sec. Also, by neutralizing 
donor ions by means of intrinsic excitation, the lifetime 
could be increased to about 5 x10~8 sec in our purest 
sample. Over this entire range of lifetimes, the ratio of 
mobility of ~ 2 excited carriers to the mobility of 
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> 20 w excited carriers remains approximately constant. 
If ‘“‘hot’’ carriers were responsible for the mobility 
increase, they would have to thermalize in a time of 
the order of 5 x 10-1? sec to a particular low temperature, 
and then ‘‘stick’’ there for a time at least equal to 
5x10-8 sec to account for our results. Though not 
impossible, this situation would be surprising. Also, 
the particular low temperature would be ~ 30°K to 
account for the magnitude of the mobility observed, and 
the observed spectral dependence of mobility is incom- 
patible with a ‘‘sticking’’ temperature below ~ 500°K. 
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Abstract—Photoconductivity studies in iodine show it to possess unique properties. Sustained 
space-charge-limited photo-currents (SCLPC) generated at the positive electrode are obtained 
even for samples over 1 mm thick. Hole conduction is predominant over electron conduction. The 
dominant hole traps are found to be shallow, lying 0-4—0-5 eV above the valence-band edge, and to 
have a density of 10!3-101°. The ratio of free to trapped hole concentration @ is ~ 0-02 at room tem- 
perature. The slow trapping permits a detailed study of transient SCLPC with conventional cir- 
cuitry. A theory, of which a simplified version is presented here, accounts satisfactorily for the 
observed transient characteristics. The hole drift mobility is determined to be 0-7 cm2?/V sec, and is 
temperature-independent between 200 and 320°K. The spectral photoresponse consists of two 
sensitivity bands, a main band centered around 0-454 and a much weaker one around 0-8. The 


response to polarized light is anisotropic. 


INTRODUCTION 
IODINE forms molecular crystals which belong to 
orthorhombic The 


the base-centered system. 


crystal faces have a bright metallic lustre. The 
material has a low melting point (114°C) and a 


high vapour pressure at room temperature 
(0:2 mm Hg). Little information has appeared in 
the literature concerning either the conductivity 
or the photoconductivity of iodine. Such work as 
has been published”) was carried out on melted or 
evaporated layers. 

The interest in iodine in this laboratory stems 
from the molecular nature of its crystal binding. 
In many respects iodine affords a more convenient 
medium than other molecular solids (such as 
organic materials) for a study of electronic pro- 
cesses. As far as transport, recombination and 
trapping processes are concerned, it is found that 
the phenomenological behaviour of iodine is not 
fundamentally different from that of other covalent 
or ionic crystals. For convenience, the experi- 
mental results will accordingly be discussed in 
terms of the band model, even though the band 
approximation is probably a poor one in such a 
molecular crystal. 


EXPERIMENTAL TECHNIQUE 


The samples studied were commercial, resublimated 
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iodine (A.C.S. specifications). ‘The material comes in 
the form of thin (0-1-2 mm) flakes from which it was 
possible to select single crystal wafers. These are all 
oriented parallel to the ac plane. From them samples 
were prepared either in sandwich-type or in surface- 
type cells. In the former the crystal is hermetically 
sealed between two transparent electrodes of conducting 
glass, one of which is provided with a guard ring. In 
the surface cell, two closely-spaced parallel lead contacts 
are applied on the crystal surface. 

In the transient measurements, voltage pulses (ampli- 
tudes 0-1000 V, duration 0-1-30 msec) are applied to the 
sample in series with a 15 kQ cathode-follower grid 
resistor. A light flash (duration ~ 9-2 usec) from a 
xenon discharge tube, triggered by each voltage pulse, 
is focused on the sample. The resulting transient photo- 
current is amplified and displayed on a Tektronix CRO. 
The overall circuit response time is ~1 psec, and the 
smallest observable photocurrent is 10-8 A. 

The steady-state photocurrent is directly recorded as 
a function of applied d.c. voltage on a log-log scale. The 
photosignal obtained from chopped light (75 r.p.s.) is 
fed via a tuned amplifier to a logarithmic recorder. The 
applied voltage V varies exponentially with time, so 
that the uniform motion of the chart transforms the 
time axis into a log V axis. The smallest observable 
photocurrent is 10-" A. 


EXPERIMENTAL RESULTS 
General. The dark conductivity is difficult to 
measure because of the large surface leakage, 


4 


usually 2—3 orders of magnitude greater than the 
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bulk current. By use of a guard ring the bulk re- 
sistivity perpendicular to the ac plane of the 
crystal is estimated to be 10!°-10"%Q/cm at 
room temperature. It increases exponentially with 
temperature with an activation energy somewhere 


between 0-8 and 1leV. The absence of both 
rectification and photovoltage, and the character- 


istics of the current response to pulses indicate 





arbitrary units 


oO 


on 


Photocurrent, 


i,:E-vector parallel to a-axis 
i, :E-vector parallel to c-axis 











0-6 0-7 0-8 
Wavelength, # 
Fic. 1. Relative spectral response of iodine single crystals 
at 300°K (solid curve). The dotted curve gives the ratio 
of the spectral response for light polarized parallel to the 
a-axis to that parallel to the c-axis of the crystal. 


that the contacts are effectively neutral (i.e. bands 
at interface remain flat at least to within a tunnel- 
ing distance). Thermoelectric power measure- 
ments suggest that the samples are p-type. The 
dielectric constant in the range 1 kc-1 Mc is 
found to be 2. 

The relative spectral photosensitivity of iodine 
single crystals at constant photon flux density as 
derived from both transient and steady-state 
measurements on sandwich and surface cells is 
shown in Fig. 1 (solid curve). The general shape 
agrees with previously reported measurements on 
polycrystalline films.“) Two photosensitive bands 
are apparent, a main one between 0-35 and 0-55u 
and a much weaker one in the vicinity of 0-8y. 
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The absorption coefficient of iodine") is sufficiently 
large throughout the photosensitive spectral range, 
so that for the sample thicknesses used 
(0-3-1-2 mm), the non-reflected light is in effect 
fully absorbed. The response to polarized light is 
anisotropic, the main band being favoured by 
light polarized parallel to the a axis and the weak 
band by light parallel to the c axis. The ratio of the 
responses for light polarized along these two 
directions in a sandwich cell is shown by the 
dotted curve in Fig. 1. 

Transient measurements. ‘Typical oscillograms 
of transient photocurrent in a sandwich cell follow- 
ing an intense flash illumination of the positive 
electrode are shown in Fig. 2 for various applied 
voltages. The spectral composition of the light 
flash corresponds to the main sensitivity band 
(absorption coefficient 105 cm ~!). All traces are on 
a common time base (1:5 ysec/em) but with 
different amplifier gains. The photosignal for the 
illuminated electrode negative is smaller by a 
factor of at least 10%, indicating that hole con- 
duction is predominant over electron conduction. 
It is seen that at the onset of the flash, the photo- 
current rises abruptly (disregarding the circuit 
response-time) to an initial value. Thereafter it 
varies slowly, decreasing for low applied voltages 
(not shown here) and increasing for large voltages, 
up to a sharp inflection point corresponding to the 
transit time, whence it decays to zero. Fig. 3(a) 
represents log-log plots of the initial photocurrent 
density versus applied voltage for various light- 
flash intensities. For strong light and low applied 
voltages the current varies as V2 and is insensitive 
to light intensity, whereas for large voltages and 
decreasing intensity the slope departs from 2 and 
approaches unity. The V2 dependence is charac- 
teristic of space-charge-limited photocurrents 
(SCLPC). Indeed, the theory of SCLPC under 
transient conditions, to be outlined below, accounts 
satisfactorily for the V2 dependence of the initial 
photocurrent as well as for the general form of the 
subsequent variation with time. According to this 
theory the initial photocurrent density for strong 
flash illumination (corresponding to an effectively 
infinite reservoir of holes at the anode) is given by 


(1) 


where «¢ is the dielectric constant, » the hole 
mobility, Z the sample thickness and V the applied 


J(O) = 44x 10-4 ev V?/L8 A/cm’, 
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Fic. 2. Oscillograms of transient photocurrent in a 

sandwich cell following flash illumination, for various 

applied voltages, at 300°K. The time base is the same 

(1:5 psec/div.), the y-amplifier gain is different for 
the various traces. 
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voltage. The transit time is given by 


ty = 2(1—e-1/2) (L? uV) ~ 0-3, (2) 


where fo [?/uV is the transit time for space- 
charge free flow. Equation (1) is represented in 
Fig. 3(a) by the upper curve. It is seen to agree 
well with the experimental points at full light in- 
tensity. As the light is decreased and the voltage 


Sandwich cell (thickness 6-9 x |O“°cm) 
, 100% light intensity = 10'* photons /cm? 
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Fic. 3(a). Initial transient photocurrent density in a 
sandwich cell plotted against applied voltage for various 
light flash intensities. T = 300°K. The heavy dotted 
curve is calculated from equation (1) using the values 
w = 0:7 cm?/V sec and € = 2. 
time versus applied voltage for strong 
weak (circles) incident light intensities. 
T = 300°K. 


(b) Transit 
(squares) and 


increased, the anode reservoir can no longer supply 
the full value prescribed by Eq. (1), and the photo- 
current approaches the value corresponding to 
space-charge free flow. The transit time should 
then approach fp. This is demonstrated in Fig. 
3(b), where the measured transit time is plotted 
against 1000/V for strong (squares) and weak 
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(circles) light intensities. It is seen that indeed 
the ratio of the slopes of the two lines is 0-8, i.e. 
t; ~ 0-8t9 as required by eqn. (2). Both curves 
yield the value 0-7 cm?/V sec for the hole mobility. 
From the current at very low light intensities, the 
lower limit of the quantum efficiency (in the main 
sensitivity band) is estimated to be 0-02. Obviously 
the actual value may be higher if an appreciable 
cm 
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Fic. 4. Transient (circles) and steady-state (bisected 
circles) SCLPC density at 100 V applied voltage for 
different samples plotted against the third power of 
their thickness. The solid line is computed from equation 


(1) (uw = 0-7, « = 2). T = 300°K. 


number of optically-excited carriers are rapidly 
(faster than ~1 psec) trapped at the illuminated 
surface. 

The mobility, as measured from both the 
transit time and the initial photocurrent, does not 
vary with temperature over the range 200-320°K, 
within the experimental accuracy (~ 5 per cent). 

A striking demonstration of the space-charge- 
limited nature of the transient photocurrent is 
given in Fig. 4. Here the initial values of photo- 
current density following an intense light flash for 
different sandwich cells (measured at 100 V) are 
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plotted (circles) against the third power of their 
thickness LZ on a log-log scale. The solid curve 
is a plot of equation (1) using the independently 
determined values of w and e. It is seen that the 
agreement between the experimental points and 
the theoretical curve is very good, as regards both 
slope (— 1) and absolute magnitude. 
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Fic. 5. Steady-state SCLPC density in a sandwich cell 
plotted against applied voltage for various incident- 
light intensities. T = 300°K. 


Steady-state measurements. Light corresponding 
to the main sensitivity band is focused on one 
surface of the sandwich cell. As in the case of the 
transient measurements, the photosignal is very 
small for the illuminated electrode negative. With 
the reverse polarity, on the other hand, large 
sustained photocurrents are obtained even for 
samples over 1 mm thick. Conduction is again 
seen to be predominantly by holes, and these 
have an exceedingly large range. Plots of steady- 
state photocurrent density versus applied voltage 
for different incident light intensities, reproduced 
directly from the recorder traces, are shown in 
Fig. 5. For strong light intensities and low voltages 
(“infinite reservoir” conditions) the photosignal 
saturates with light and varies with voltage very 
nearly as V2, This behaviour is characteristic of 
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SCLPC in crystals having shallow traps.‘?: 3) The 
SCLPC is then given by: 3) 

Jss = 10713 Ben V2/L3 A/cm?, (3) 


where @ is the fraction of the total injected space- 
charge that is free. For the case of hole trapping 

6 =» p/pe = (Nv/M:) exp(—AE/RT), (4) 
N, being the effective density of states in the 
valence band, N; the concentration of traps and 
AE their energy position above the valence-band 
edge. For diminishing light intensities and in- 
creasing voltages, the photocurrent tends to satur- 
ate with voltage, space-charge effects becoming 
increasingly insignificant. The quantum efficiency 
as computed from the saturated value is ~ 0-1, 
but it is not clear what is the role, if any, played 
by secondary photocurrents. 

Figure 4, referred to previously, shows values of 
transient SCLPC plotted against L? for a number 
of different samples. Measurements of steady- 
state SCLPC (i.e. corresponding to intense con- 
stant illumination) were carried out on the same 
samples and are represented by the bisected circles. 
Although the scatter of the points is large (due to 
some variation in trap content from sample to 
sample), they are seen to conform well to the L3 
dependence law (dotted curve). Inspection of 
equations (1) and (3) shows that the distance be- 
tween the solid and dotted curves should give the 
value of 0-44 6-1 averaged over the samples studied. 
At room temperature, where these measurements 
were carried out, the average value of @ is found 
to be ~ 0-02. 

The temperature dependence of the steady- 
state SCLPC measured on one sample and con- 
verted into @ values, is shown in Fig. 6. The slope 
yields the value of 0-46 eV for the position of the 
shallow hole traps above the valence band. Making 
use of equation (4), one obtains N;/Ny» x 10-°. 
Taking 1019-102! for N, (the higher value is 
probably nearer the truth, iodine being a molecular 
crystal), one obtains Nz ~ 10!-10! cm-*, 

Measurements on surface cells. In iodine, where 
any light giving rise to appreciable photocurrents 
is strongly absorbed, surface cells afford practically 
the only configuration for studying carrier recom- 
bination per se, as distinct from majority-carrier 
trapping. Even though generally the surface layer 
may be quite different from the underlying bulk, 
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the measurements indicate that in iodine much 
the same traps are involved in both regions. In 
particular, the steady-state photocurrent is found 
to vary as the square root of the light intensity and 
is strongly temperature dependent. Here, again, 
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Fic. 6. Temperature dependence of 6 derived from that 
of steady-state SCLPC in a sandwich cell. 


shallow levels seem": 5» 6) to be the dominant hole 
traps. An interesting feature of the photocurrent 
is its saturation with applied voltage at very low 
incident light intensities. The range of holes is 
then believed to be governed by”) rp 6, where rR 
is the relaxation time associated with the surface 
layer. The product y7 (where 7 is the quantum 
efficiency and 7 the free carrier lifetime) at the 
sensitivity peak (~ 0-454) as determined from 
either the linear or saturation values is 
~ 5x 10-6 sec. For 7 = 1, one obtains 7 = 
a value not inconsistent with measurements of 
transient response to flash illumination carried 
out on the same cells. 

Theory of transient SCLPC. In this Section the 
simplest case, that of a perfect insulator, will be 
treated in order to bring out the main features of 
the problem. The detailed theory, taking into 
account trapping and the dark conductance, will 
be published elsewhere. Consider an insulator 
sample of thickness L, across which a constant 


5 psec, 
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voltage V is maintained. At time ¢ = 0 the anode 
(x = 0) is illuminated by an intense highly 
absorbed light flash of infinitely short duration. 
As a result, photoexcited holes drift towards the 
cathode. The current density at any point x is 
given by the sum of the conduction and displace- 
ment current densities: 


it) = (c/4n)eE(x,2)/60-+ quplx,t)E (x,t), (5) 
where p(x,t) is the hole density and E(x,t) the 
electric field intensity (cgs units). The diffusive 
contribution to the current is being neglected. In 


the absence of trapping, Poisson’s equation 
assumes the form: 


@E(x,t)/éx = (41q/e)p(x,t). (6) 


The light flash is assumed to be sufficiently intense 
and the life of holes at the surface sufficiently long 
to achieve effectively the condition of an infinite 
hole reservoir at the anode throughout the period 
of interest. Consequently, one obtains the bound- 
ary conditions at the anode: 


E(O,t) = 0, (7) 

Elimination of p by the use of equations (5) and 
(6) gives 

j(t) = (€/47)[CE/0t + $n(CE?/éx)]. (8) 


By integrating equation (8), using the boundary 
conditions equation (7) and the fact that 


t> 0. 


one obtains 
j(t) = (€/47)[CE/et+4(0E?/éx)] 
= (eu/87L)E*(L,t) (9) 
where E(L,t) is the field at the cathode. Before the 
arrival of the leading front of carriers at the 
cathode, 0E/@x = 0 at x = L [equation (6)], and 
hence equation (9) reduces to an ordinary differ- 
ential equation in E(L,t) whose solution yields for 
the current density 
j(t) = (enV 2/87L3) (1—t/2to)-?; (10) 


where fg = L?/uV and ft; is the transit time of the 
leading front of carriers. This front moves towards 


t< hy, 
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the cathode under a field of magnitude E(Z, t) 
just calculated. Hence t; may be computed from 
the relation 


ty 


L= | oz at, 


0 


and is given in equation (2). The initial value j(0) of 
j(t), as given by equation (1), follows from equation 
(10). Thereafter, j(¢) increases towards its peak 
value of ~ 2-718j(0) at ¢ = t). The calculation of 
j(t) for t > t, is more complicated and will not be 
presented here. From physical considerations it 
can be seen that j(¢) should decay in this region to 
its steady-state value®) of (%euV?/327rL3) = 
2:25 j(0), as the space-charge distribution at ¢ = t 
relaxes towards its steady-state configuration. The 
relaxation time is that associated with the con- 
ductance of the injected space-charge and is there- 
fore proportional to 1/V, i.e. to ¢). 

The oscillograms in Fig. 2 show the experi- 
mental behaviour to follow the general pattern 
predicted above. The decay of the photocurrent 
to zero instead of to the value 2-25j(0) is due to the 


progressive processes of charge accumulation in 
traps and of the dwindling of the hole reservoir 
at the anode by recombination, both factors not 
having been allowed for in the simplified treat- 
ment presented above. 


DISCUSSION 

Iodine affords an excellent medium for a quanti- 
tative study of SCLPC under both transient and 
steady-state conditions. The low effective majority- 
carrier trapping found in iodine sets it apart from 
any other known insulator. This is particularly 
notable in view of the fact that the samples em- 
ployed were of commercial origin with no 
additional purification. Their large value of 
6(~ 10-2 at room temperatures) is to be con- 
trasted with, e.g. the 10-® quoted) for carefully 
grown CdS. The experimental evidence points to 
the following conclusions. The samples studied 
are p-type with the Fermi level in the dark lying 
in an essentially trap-free void at about 1 eV above 
the valence-band edge. Upon illumination, the 
electrons are rapidly trapped in recombination 
levels while the holes are distributed among the 
valence band and trapping levels.“4: 5) Dominant 
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among the latter are traps of density 1013-1015 
cm™3 situated 0-4-0-5eV above the valence- 
band edge. They are shallow in the sense that they 
lie below the steady-state Fermi limit for all 
excitation levels achieved in practice. 

The general characteristics of transient SCLPC 
are satisfactorily accounted for by the simple 
theory presented here. The hole mobility as de- 
rived from transit-time measurements has the low 
value of 0-7 cm?/V sec and is independent of 
temperature between 200 and 320°K. It is hard to 
comment on these observations, as little is known 
to date about the transport mechanism in mole- 
cular crystals. The lack of temperature dependence 
strongly indicates, however, that the value quoted 
is the true free-hole mobility and not an effective 
mobility due to some fast trapping process at 
shallow levels. 

Although the transport, trapping and recombina- 
tion processes are phenomenologically similar to 
those in covalent and ionic insulators, the spectral 
response is markedly different. As in other mole- 
cular crystals" the sensitivity bands are broad 
and there is no sharp absorption edge. Even 
though the quantum efficiency in the main sensi- 
tivity band may well approach unity (the experi- 
mental evidence sets its lower limit at 0-02), that 
in the weak band is definitely 2 to 3 orders of 
magnitude lower. The anisotropic response to 
polarized light suggests that both sensitivity bands 
arise from intrinsic processes. It may therefore be 
inferred that in addition to carrier generation some 
other mechanism is operative in the energy dissi- 
pation of absorbed radiation. 
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OPTICAL ABSORPTION AND PHOTOCONDUCTIVITY 
IN GERMANIUM SELENIDE* 


C. R. KANNEWURF and R. J. CASHMAN 


Technological Institute, Northwestern University, Evanston, Illinois 


Abstract—Optical absorption was investigated in extremely thin single crystal specimens of GeSe. 
Absorption data at 300°K cover a wavelength range of 1:20 to 0:45 microns with the absorption 
coefficient changing from 30 to 1:2 10° cm~!. An analysis of the absorption edge for direct and 
indirect transitions is described. In the high absorption region a direct transition photon energy de- 
pendence of (hv—Eg)*/2 with Ey = 1:53 eV was shown to give a good fit to the data over a con- 
siderably greater energy range than was found for (hv—Ey)!/?. The spectral response curve for an 
evaporated film type photoconductive layer was obtained for the same wavelength range. This curve 
shows two bands of responsivity with the threshold energies corresponding closely to the energy 
gap values that were determined for the direct and indirect band transitions. 


INTRODUCTION 


A CONSIDERABLE amount of information concerning 
the optical properties of lead salt crystals and films 
is available in the literature, but hardly any optical 
data have been reported for other [Vp—VIp com- 
pounds. In particular very little information is 
available concerning the optical properties of the 
chalcogenides of germanium. The preparation at 
this laboratory of extremely thin single crystal 
specimens of germanium sulfide and germanium 
selenide has made it possible to investigate optical 
absorption in these materials to an order of 
magnitude in absorption coefficient slightly greater 
than 10° cm~!. Therefore an analysis of the absorp- 
tion edge to establish evidence for direct band 
transitions is possible. Further information has 
also been gained from a study of the photocon- 
ductivity in thin film-type samples of germanium 
selenide, GeSe. 

A complete crystal structure analysis for GeSe 
was first reported by Okazaki) and was con- 
firmed by KANNEwuRF et al.‘°) The crystal system 
is primitive orthorhombic; the lattice values are 
a = 4-40, b = 10-82, and c = 3-85 A. ASANABE 


* Supported in part by the Department of the Navy, 
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and OKAZAKI) have studied some of the electrical 
properties and indicate that the material is a semi- 
conductor. They estimate an energy gap to be 
nearly 1-0 eV from the slope of resistivity curves 
at high temperatures. Most of their measurements 
were made on a variety of p-type polycrystalline 
samples. Thermal probe tests indicate that all 
single crystal samples employed in the present 
optical investigation were also p-type. For the 
purpose of optical absorption measurements the 
grown single crystals were found to be superior in 
all respects to single crystal fragments cleaved 
from polycrystalline ingots. 


PREPARATION OF CRYSTALS 


Selenium was obtained the 
Smelting and Refining Company with a rated 
chemical purity of 99-999 per cent. Germanium 
was prepared by reduction of the best grade of 
Eagle Pitcher germanium dioxide. Polycrystalline 
ingots of GeSe are first obtained by heating to 
790°C in a muffle furnace a mixture of stoichio- 
metric proportions of germanium and selenium 
which have been sealed in a evacuated quartz tube. 
The polycrystalline ingots are placed in a quartz 
boat which is then positioned in a Vycor gas flow 
tube. The Vycor tube is centered horizontally in 
a glass oven such that a controlled temperature 
gradient can be maintained along its length. As the 
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temperature of the oven is increased, the poly- 
crystalline pieces begin to sublime at 540°C. The 
GeSe vapor flows into a cooler region and begins 
to condense on the walls of the tube forming a 
great variety of crystalline shapes. Throughout the 
process a hydrogen gas flow is maintained in the 
tube to reduce any oxide contamination on the 
surface of the ingots and to prevent the formation 
of germanium diselenide. When the oven has 
cooled, the crystals are easily dislodged from the 
walls of the Vycor tube. 

The single crystals generally grow in one of two 
principal forms. Many grow as thin filaments with 
parallel edges and faces but irregular ends, the 
approximate dimensions of the largest being 1 cm 
by 1 mm with a few exceeding 0-2 mm in thickness. 
Most are considerably thinner, being 20 to 50 
microns thick. Others grow in the form of extremely 
thin plates with irregular edges; the effective 
diameters range from 5 mm to fractions of a milli- 
meter. The crystals cleave quite readily in planes 
which are perpendicular to the largest lattice cell 
dimension. They are quite soft, probably not 
exceeding a hardness of 2 on Moh’s scale. Micro- 
scopic examination showed that nearly all speci- 
mens of any appreciable thickness greater than 
20 microns were hollow or had indications of other 
internal imperfections. As will be shown in the 
next section, GeSe transmits infrared radiation, 
and therefore the internal condition of a particular 
sample could be determined, without possible 
damage by cleaving, by viewing the sample with 
an infrared image converter (a metascope). One 
of the more noteworthy properties that was 
observed for the single crystals was their apparent 
plasticity. GeSe crystals bend easily in air and 
liquids, and with sufficiently thin samples the 
bending process can be repeated several times. 


OPTICAL ABSORPTION 

The optical system employed to measure the 
percent transmission of the crystals as a function 
of radiation wavelength was designed around the 
sample in, sample out, technique. A van Cittert 
double prism type monochromator with glass 
optics was used with a tungsten filament lamp as 
source. The monochromatic radiation is focused 
on the plane of the sample mount and the trans- 
mitted intensity is detected by a cooled lead sulfide 
cell. The sample mounts were brass plates with 
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two precision drilled circular apertures in each. 
The diameters of the apertures ranged from 6 to 
40 mils. 

The single crystal specimens selected for trans- 
mission measurements were those without internal 
defects and having excellent surfaces. Both the 
natural and cleaved surfaces appear light gray 
metallic with a high reflective luster. The thinnest 
crystals were found by visual examination to trans- 
mit light in the deep red region of the visible 
spectrum. To investigate the high absorption 
region, extremely thin samples were prepared. 
Such samples may be peeled off the crystals by 
using transparent adhesive tape. These single 
crystal fragments showed a variety of color trans- 
mission in the visible spectrum. The thicker 
samples showed red to red-orange, the thinner 
ones yellow to pale yellow-green. Most of the 
cleaved fragments were not self supporting and 
were left attached to the cleaving tape for trans- 
mission measurements. The thinnest fragments 
were less than 10 mils in effective diameter. For 
crystals thicker than 10 microns the sample thick- 
ness was determined from displacement data taken 
either from edge measurements under a 500 power 
microscope or from the contact thickness as 
registered by a Federal Surface Gauge. 

The reflection coefficient R was obtained by 
two methods. In the first method a comparison 
system was devised using a vertical illuminating 


microscope with a photovoltaic cell located at the 
P P 


eyepiece position. The incident radiation was mono- 
chromatic, and data were obtained at various wave- 
lengths in the visible spectrum. Samples from 
many preparation trials with both cleaved and un- 
cleaved surfaces were examined. For those with 
the better quality surfaces an average R of 0-42 + 
0-01 was obtained. In the second method a pro- 
cedure devised by FAN and Becker™) to obtain 
R by an extrapolation plot was followed. Fig. 
1 gives sample transmission as a function of sample 
thickness for various wavelengths. ‘The extra- 
polation point at zero thickness is (1—R)? which 
can be read directly. From Fig. 1 R is 0-43 which 
is in agreement with the first method. With R = 
0-42, the index of refraction is calculated to be 
4-7 and was found to be approximately constant 
for wavelengths less than 1-0 microns. 

Figure 2 is the optical absorption curve for 
GeSe with all radiation at normal incidence along 
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the crystallographic direction of the 6 axis. This 
curve represents the accumulation of data from 
many samples. On the scale for which the plot is 
made the individual data points could not be re- 
solved; thus the curve is drawn for the most part 
as continuous. At the onset of the edge the data 
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. 1. Transmission through GeSe as a function 
of sample thickness. 


points are separated into two branches showing 
the extremes in absorption coefficient, K, caused 
by the variation of R throughout the samples. The 
nearly vertical drop in K of the one branch for K 
less than 100 cm~! is probably due to some inter- 
ference effects in that particular sample. The K 
values for all other samples tested in the low 
absorption region were located between these two 
branches. Out to 1-80 in the high transmission 
region K did not show any appreciable increase 
above 30 cm}, 

Independent reflection coefficient and thickness 
measurements were made on most samples up to 


K~5x 108 cm-lat A = 0-80u. Above K = 104cm=! 
both R and the sample thickness had to be calcu- 
lated from the normalization of the data in the 
overlap regions where the curve had already been 
established from thicker samples. The ranges in 
sample thickness d for the various regions of the 
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Fic. 2. Optical absorption coefficient for GeSe 
as a function of wavelength. 


absorption curve are as follows: Below K = 5 x 108 
cm-!, d= 10-25 microns; from K = 5x 108— 
2 x 104 cm-!d = 5-2 microns; from K = 2 x 104— 
9x104cm-!, d= 0-7-0:35 microns; above 
K = 9x 104 d is less than 0-17 microns. A crystal 
0-15 microns thick is 139 unit cells in width or in 
terms of atomic positions approximately 550 atoms 
in width along the crystallographic direction of the 
b axis. In the thinnest sample fragments tiny sur- 
face and thickness irregularities were known to 
exist in the area covering the transmission aperture, 
but these defects did not appreciably effect the 
final K values. 
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The absorption edge for GeSe shifts toward 
shorter wavelengths as the temperature of the 
sample is decreased. This shift in wavelength was 
not investigated quantitatively. All GeSe optical 


data presented in this paper are for 300°K. 
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Fic. 3. Evidence for direct transitions where the absorp- 
tion coefficient is a function of photon energy to the 
three-halves power. 





meee AND INDIRECT TRANSITION 
ENERGIES 

Detailed |discussions of the various possible 
expressions | giving the absorption coefficient as a 
function of photon energy for both the direct and 
indirect band transitions are available in the litera- 
ture.©-8) Apcording to DresseLHaus? an energy 
dependence of either (hv— E,)!’* or (hv— E,)?2 is 
possible for|the mechanism of direct transitions in 
anisotropic | materials depending on whether the 
band transition in momentum space at k = 0 is 
allowed or forbidden. The photon energy is Av and 


Ey is the energy gap value. The entire absorption 
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curve was examined for evidence of direct transi- 
tions. With E, = 1-83 eV in the energy range of 
hv = 1-9 to 2:2 eV the absorption coefficient was 


found to be nearly proportional to (hv—£,)!/2, 











| 
118 124 


PHOTON ENERGY 





(ev) 


Fic. 4. The square root of the absorption coefficient as a 
function ot photon energy indicating evidence for in- 
direct transitions. 


However, if Khy is plotted as a function of 
(hv—E,)?? as shown in Fig. 3, a remarkably close 
fit to the experimental absorption curve is obtained 
throughout the entire high absorption region. The 
extrapolated Ey value is 1-53 eV. The linear region 
in Fig. 3 covers nearly the entire wavelength range 
of the visible spectrum. Thus in the direct transi- 
tion region the dependence of K is best represented 
by the expressions with (hy—£,)*’? where Ey = 
1-53 eV. 
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For photon energies less than 1:3 eV K was 
found to be proportional to (hv— E,)? as shown in 
Fig. 4, thus possibly indicating evidence for the 
mechanism of indirect transitions. From BARDEEN 
et al.‘®) it would appear that it is preferable to plot 
Khv as a function of photon energy. The extra- 
polated EZ, value for indirect transitions is 1-16 eV. 
To establish the indirect transition region with 
more certainty, thicker homogeneous samples of 
higher semi-conductor purity are needed to obtain 
more complete absorption data in the neighbor- 
hood of K = 10 cm~!. Between 1-4 and 1-6eV K 
is again proportional to (hv—£,)?. In the inter- 
mediate energy ranges none of the individual 
energy laws give a good fit to the experimental 
data. 


PHOTOCONDUCTIVITY 

To investigate the responsivity of GeSe, a 
Hilger-Muller monochromator with rock salt 
optics was used in conjunction with a Nernst 
glower and a Schwarz thermopile. Single crystal 
filament type samples gave only a very slight indi- 
cation of a photocurrent; the effect was too small 
to permit any quantitative measurements. How- 
ever, with a film type sample a spectral distribution 
curve could be easily obtained. A polycrystalline 
film of GeSe was deposited by evaporation be- 
tween two colloidal graphite electrodes in an 
evacuated glass cell. Fig. 5 is the spectral 
response curve for this cell. The spectral response 
is plotted here as a function of energy rather than 
wavelength since the exponential fall at long wave- 
lengths is slightly more linear with energy. 

Two bands of responsivity are clearly indicated. 
The maximum response is seen to occur at 1-7 eV. 
In order to find the activation energies, the 
observed results were separated into two com- 
ponent bands to find the point where the response 
has fallen to half value for each component band. 


Such a procedure has been described by Moss, 9) 


The activation energy was found to be 1-51 eV for 
the main band and 1-17 eV for the secondary band. 
These values are seen to correspond closely to the 
energy gap values that were deduced for the direct 
and indirect band transitions in the analysis of the 
single crystal absorption data. However, in the 
case of the secondary band the magnitude of the 
response at the extrapolated peak is seen to be 
nearly one half that of the main band. This result 
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is difficult to reconcile with the low absorption of 
the crystal in this wavelength region, unless the 
absorption of the polycrystalline film is much 
greater than that of the single crystal of equal 
thickness. There is a possibility that the photo- 
conductivity and the absorption in this region are 
associated with another principal band gap in the 
complete band structure of the crystal. 
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Fic. 5. Photoconductive spectral response as a function 
ot photon energy for an evaporated film of GeSe with 
the two bands of responsivity indicated by the dashed 
lines. 


CONCLUSIONS 

The shape of the optical absorption edge in GeSe 
has been determined experimentally by trans- 
mission measurements between 0-449 and 1:20 
microns. A detailed analysis of the absorption 
edge in the high absorption region shows that 
the absorption coefficient is proportional to 
(hv —1-53)32 for direct band transitions over a re- 
markably large range in photon energy. Possible 
evidence for indirect transitions has also been 
shown. The analysis of the photoconductive 
spectral response curve for a thin film of GeSe 
also indicates that the principal band gap for the 
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material is in the neighborhood of 1-5 eV. It is 
interesting to note that the activation energy for 
the secondary band of responsivity agrees with the 
band gap indicated for indirect transitions. 

Samples thin enough to investigate optical 
absorption in either of the other two principal 
crystallographic directions have not been success- 
fully prepared. The fact that the thicker crystals 
are inhomogeneous has made it impossible to 
obtain any reliable conductivity or Hall measure- 
ments on the single crystal material. Crystal 
growth and optical absorption in GeSe are quite 
similar to the corresponding properties exhibited 
by germanium sulfide. !) 
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DISCUSSION 


R. H. Buse: There is a striking similarity between the 
crystallographic, optical, and electrical properties of 
GeSe and those of GaSe and GaS. This similarity 
extends to the layer-type structure, the multiple photo- 
excitation peaks, and the preponderance of p-type con- 
ductivity in the selenide. 

G. K. Gaute: (1). Could you give an estimate of rise 
and decay times? (2) Could you give an estimate of the 
dark conductivity? 

C. R. KANNewurr: (1). The rise and decay times are 
equal, about 3 milliseconds. (2). Preliminary work on the 
single crystal material indicates an electrical conductivity 
of approximately 1-2 (Q-cm)~! (see Ref. 3). 


D. L. MitcHett: Measurements of the optical 
absorption of the related compound SnSe were per- 
formed at Syracuse University and they do exhibit a 
polarization dependence. SnSe is birefringent over a 
wide range of wavelengths, and is dichroic from the 
absorption edge (0°86 eV) to a value of the absorption 
coefficient « 1-5 x 104 cm! (1:2 eV). 

Only p-type conductivity has been observed in SnSe. 
What type of conductivity do you observe in GeSe? 

C. R. KANNEWuRF: Optical measurements on GeSe 
discussed in this paper did not employ polarized incident 
radiation. All material prepared thus far has been p- 
type. 
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A COMPREHENSIVE STUDY OF A SIMPLE 
PHOTOCONDUCTIVE PHOSPHOR 


H. FEDDERS, M. HUNGER and F. LUTY 


II. Physikalisches Institut der Technischen Hochschule Stuttgart, Germany 


ALKALI halide crystals, containing F-centers as 
the only (additionally added) point imperfections, 
have been known for a long time to be a very 
simple and clear example of an_ extrinsic 
photoconductor.":2) There have been several 
attempts®-5) to correlate the photoconductivity 
measurements with the electron transitions ob- 
served in absorption, 6”) which lead at least to a 
qualitative understanding of the processes in- 
volved. 

In the last few years a characteristic emission 
of F-centers was discovered,*-%) which recently 
was shown to be divided into two limiting cases: 
F-center fluorescence and F-center phosphor- 
escence. 19) These emission results and new photo- 
conductivity data presented here now establish 
together with the older center conversion experi- 
ments (which were carefully repeated)—a wide 
range of experimental data which make it possible 
to approach a quantitative description of the system 
by a model of a simple photoconductive phosphor. 
As experiments towards this aim are still under 
way, this report is still of an intermediate nature. 

The system described here is KCI, in which by 
additive coloration"!!) some 1016 cm-* F-centers 
were introduced. These F-centers can either 
by light absorption—lose an electron, leaving 
behind an empty anion vacancy, the so called 
“-center, or capture a second electron, forming 
the so called F’-center. The models of these three 
centers involved, their characteristic absorption 
bands and their possible reactions with light and 
electrons are illustrated in Fig. 1. All measure- 
ments are restricted to temperatures lower than 
—100°C, where thermal instability of F’-centers 
and secondary ionic processes are avoided. 

All electrons being located first as F-electrons 
in the vacancies the first step is the optical excita- 
tion by irradiation in the F-band. Figure 2 shows 


in curve A the temperature dependence of the 
initial quantum yield » for F-center ionization 
under F-light irradiation, first measured by 
Pick‘), This process reaches full efficiency at 
about —100°C. It can quantitatively be under- 
stood by the assumption that F-light irradiation 
raises the F-electron into an excited bound state 
F*, from where it can either be thermally released 
to the conduction band (the probability being 
given by an Arrhenius type equation), or with 
constant probability fall back into the ground 
state Fj. Our measured 7(7) should be the ratio 
of transitions to the conduction band to the sum 
of all transitions, which leads to equation (1) in 
Fig. 2. A plot of 1/n—1 logarithmically over the 
inverse temperature produces—as expected from 
equation (1)—a straight line whose slope gives the 
value U for the distance of the F*-level from the 
conduction band for thermal excitation. 

Investigating the F-emission in the first moment 
of the optical excitation of the pure F-center 
system, we find a dependence of its initial quantum 
efficiency on temperature plotted in curve B, 
Fig. 2. This observed emission must be ascribed 
to a radiative back process of the excited F- 
electron, that means a pure F-center fluorescence. 
Its temperature dependence can quantitatively 
be accounted for by the assumption that the 
number of radiative transitions is determined by 
the number of F*-electrons not thermally released 
into the conduction band. This means that 
ntluor = 1—7, which is well confirmed by the 
analysis in Fig. 2b.* 

The electron, optically released from the F- 
center, can be captured by other F-centers, forming 
an F’-center (see Fig. 1). Under best conditions, 
one can convert a pure F-center system into about 


* See, however, discussion at the end of the paper. 
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(3) Irradiation into the F’-band is accompanied 
by a photocurrent first measured by Domanic(), 
In Fig. 4(b) is illustrated what we expect for this 
the assumption that the 


40 per cent F’, 40 per cent « and 20 per cent 
remaining JF ¥centers. In such an_ optically 
converted system, light irradiation into the F’- 
band releases Jeasily one of the weakly bound photocurrent under 
F’-electrons, {the quantum efficiency for the released photo-electrons are only captured by 
electron freeing being unity in all temperature either «-centers (with the capture probability 
ranges. 6) Three processes can be observed together (a) or by F-centers (with the capture probability 


with this F’-irradiation. f). Our measurements [Fig. 4(a)] confirm what is 


(a) Stdrstellenmodelle (c) Reaktionen 

















(b) optische Absorption 








eV 


Fic. 1. Microscopic models, absorption bands and re- 
actions of the three point imperfections treated here: 
F, F’ and «a-centers. 


(1) The optically released electrons can be expected from the model: the inverse photocurrent 
varies at fixed temperatures linearly with the ratio 
of F/F’ concentration, demonstrating that only 
the two traps, F and «, are limiting the schubwege. 
Taking from the measurements the intercept 4 
of our curves with the ordinate and the slope B 
of the curves, the ratio A/B gives us directly the 
ratio of capture cross-sections a/f of the «- and F- 


captured by empty anion vacancies and form 
F-centers again as one can see from the change in 
the absorption spectra. The initial quantum 
efficiency for this process np’—r (first measured by 
Pick’) is shown in its temperature dependence 
in Fig. 3a. 

(2) The capture process of an electron into an 
empty anion vacancy is accompanied by the traps as one can see from equations 4 and 5, Fig. 
emission of a light quantum™®) as shown in Fig. 4(b). 
3(b). The quantum yield of this emission, which This result can be used now to analyze the 
we call F-center phosphorescence, runs exactly measured F’—F and F’ phosphorescence quantum 
parallel to the capturing process [Fig. 3(a)], the yield (Fig. 3). Writing down the expected relative 
spectral distribution of it being the same as that _ probability for an electron optically released from 
of the F-fluorescence, treated before (Fig. 2). F’ to be captured in an anion vacancy, Wp—p,, 
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(which is half the quantum efficiency yp’_r), we 
find that this probability should depend only on 
the ratio of trap concentrations and the ratio of 
capture cross-sections a/f, [Fig. 5(a) equation 6]. 
Before making this analysis we try to understand 
first more about the mechanism of the capture 
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process. It was assumed already in_ several 
papers, ‘°-4) that the capture process of an electron 
into the empty vacancy is going via an excited 
state of the F-center. Our observation that the 
phosphorescence connected with this capture 
process is spectrally the same as the F-fluorescence 
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Fic. 2. (a) Relative quantum efficiency of F-center ionization (7) and of F-center fluorescence 
Fluor under F-light irradiation in dependence on temperature. 
(b) Plot of the measured 7 and 7Fiuor in such a way as to produce straight lines according to 
equations (1) and (2). 
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[occuring between the F*- and F,-levels (Fig. 2)] 
confirms this assumption experimentally. So in- 
stead of a capture probability ‘“‘a’” into the F, 
ground state we better define a capture probability 
‘«q*”’ of the electron into the excited state F*. The 
relative probability Wr—,- that this process occurs 
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A probability it goes into an F*-level, from here 
with 1—7 under irradiation into the ground state. 
That part »-A which was thermally re-emitted 
has again a chance of A(1—7) to be trapped into 
another F* and to go now to the F ground state— 
and so on. Summing up these probabilities we 
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Fic. 3. Temperature dependence of the quantum yield for (a) F’—F conversion 
under F’-light irradiation; (b) F-phosphorescence under F’-light irradiation. 


after F’-irradiation is written down in Fig. 5(b), 
equation (7), and called A. From the measurement 
and analysis in Fig. 2, we know what happens to 
an electron in the excited F-state F*: with 7(T) 
relative probability it is thermally emitted, with 
1—7(7) it returns under light emission to the 
ground state. Assuming that the same probabilities 
hold for a conduction electron which became cap- 
tured into the F*- state, it is easy now to sum up the 
total probability of an ionized F’-electron to be 
really captured into a vacancy [equation (8)]: with 


end up with an expression for nr’_r [equation (9)] 
which compared with equation (6) shows that the 
former effective capture probability ‘‘a’” into the 
F ground state is to be replaced by the probability 
“‘a*”’ for the real present capture process into the 
F*-level times a function 1—7(7) which accounts 
for the temperature dependent re-emission pro- 
perties out of this state. 

Figure 6(a) shows (circles) our measured a/f 
ratio from Fig. 4 plotted against temperature. 
This a/f should be replaced now by an expression 
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a*(1—n)/f. [equation 10]. Comparing the 
measured a/f values with a function const. 
(1—n)—obtained from our measured 7(T) 
in Fig. 2—we find that a/f x const. (1—n) if 
we choose const. = 6. So we end up with 
a very clear result: the strong temperature 
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a/f = a*(1—n)f can explain the observed F’—F 
conversion and F-phosphorescence. Taking the 
expected function for yr’-r [equation (9) from 
Fig. 5], putting in a*/f = 6 and F’/F = 2 (which 
was used in our measurement), we end up with 
equation (11), Fig. 6(b), which as shown in the 
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Fic. 4. (a) Inverse transient photocurrent under F”’ 
irradiation in dependence on the ratio of concentration 
of F to F’-centers for different temperatures. 


dependence of our measured a/f is explained 
in the new description quantitatively by the 
function 1—7, which accounts for the re-emission 
properties after the capture process into the 
excited F*-state. The ratio of capture cross sections 
of the two really effective shallow trap levels F* 
and F’ is independent of temperature and has the 
value of 6. 

We have now measured 


to check if our 


diagram below fits very well the measured 
quantum yield yr’-~. The same considerations 
hold for the F-phosphorescence [Fig. 6(c)] and 
here too the measured values are in good agreement 
with the expected curve. 

Summarizing we can say that the capture 
process of electrons into the empty vacancy, as 
we measure it in a highly temperature dependent 
F’—F conversion, F-phosphorescence and F’- 
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Fic. 4. (b) Expected behavior of the F-photocurrent 
under the assumption of full efficient optical electron 
release from F’-centers (nr’ = 1) and capture processes 
in F- and «-centers only. 
a, F, F’ denote concentrations of the corresponding 
centers 
electron mobility 
capture probability into the «-center. 
capture probability into the F-center 
absorbed light energy (which for small optical 
densities is proportional to the F’-center 
concentration). 
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photocurrent, can be quantitatively understood 
by a model implying: 

(1) ‘‘pre-capture” of the electron in the excited 
state F* with following thermal re-emission or 
radiative transition F*—F,; 

(2) temperature independent ratio of capture 
cross sections of the F*- and F’-levels a*/f = 6. 
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Fic. 5. (a) Description of the F’—F conversion using an effective capture probability ‘‘a’’ 

into the F' ground state. (Other letters used as in Fig. 4.) (b) Description of the F’—F con- 

version by a capture probability a* into the excited state F'*, followed by transition prob- 
abilities » and 1—7 analyzed in Fig. 2. 


It was shown several years ago") that the 
excited F-electron can cross the energy gap between 
the F*-level and the conduction band not only 
by thermal emission processes but by electric 
field emission too. So instead of (7) one can 
measure a function 7(£) which now according to 
the above considerations should effect all electron 
transitions of our system. A thorough investiga- 
tion of the influence of high electric fields on all 
electron transitions has just been finished) and 
confirms strongly the model described above. 
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Fic. 6. (a) Comparison of the measured ratio a/f (from 

Fig. 4) with the values of 6 -(1—7) in dependence on 

temperature. (b) Comparison of the measured F’—F 

conversion with the expected curve [equation (9) from 

Fig. 5] using a/f = 6(1—7). (c) The same as in (b) for 

F-phosphorescence. In all three cases 7(T) was obtained 
from the measurement in Fig. 2. 
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DISCUSSION 


A. Rose: (1) Are any of the transitions into the 
a-centers radiation-less? (2) What is the estimated 
capture cross section of electrons into the F'*-state? 

F. Lury: (1) Firstly, the transition of a conduction 
electron into the F’*-state is—from all that we know and 
expect—tradiation-less. For the transition F'* — Fo it is a 
question of F'center concentration. In very dilute systems 
(< 1016 cm~*)—treated in this paper—practically all F* 
electrons are either thermally released or make a 
radiative F*—F transition. Towards higher center 
concentrations more and more radiation-less transitions 
occur (e.g. at 1018 cm~° F-centers about 80 per cent of 
all F*—Fo transitions are _ radiation-less'!°)), The 
presence of radiation-less transitions seems so to be 
bound to some interaction effect between nearby 


centers. 

(2) After absolute calibration of our equipment for 
absorbed light energy and taking the data of BROwN 
for the mobility »(T), we can from Fig. 4 derive the 


absolute values and temperature dependence of both 
capture cross sections. This has not yet been done; from 
rough estimates we expect values of the order of 
10-14 cm?. 

D. Kaun: (1) I would like to ask whether your 
curves of photocurrent contain the product of the 
carrier concentration and the schubweg, and have you 
been able to measure the efficiency of electron excitations 
of carriers into the conduction band? 

(2) What voltage did you apply to your crystals? 

F. Lity: (1) The curves in Fig. 4 are measured 
tranisent photocurrents, so containing the product of 
quantum yield 7 times schubweg w. We used, for the 
optical electron release, F’-centers which are known 
to have a value of ny = 1 for all temperatures, so we can 
easily determine the schubweg alone. These are, how- 
ever, not primary ones but—as was shown—thermally 
prolonged by re-emission out of the F*-state. 

(2) We applied about 1000 V/cm. 
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PHOTOCONDUCTIVITY IN ZONE-REFINED KCl 
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Abstract—Photoconductivity measurements utilizing electrons excited from F centers have been 
performed on zone-refined KC] crystals containing various amounts of divalent impurity ions. At 
liquid nitrogen temperature, the electron range is determined by trapping by F centers in annealed 
crystals containing less than 1 x 1014cm~ of divalent impurities. Divalent ions of 101? cm~* produce 
additional electron traps equivalent to 1 x10!®cm~3 of F' centers, and dislocations produce traps 
equivalent to 1 to 2 x 1016 cm~3 F centers at this temperature. At —120°C, however, the electron 
range is exclusively determined by F centers alone, irrespective of divalent impurities or dislocations. 
Dependence of photoresponse with temperature and high electric field strength was also studied by 
excitation of light in the F and K bands. Both types of dependence are different for the two bands 
and it is concluded that the excited level corresponding to F excitation has a lower energy than that 


associated with K excitation. 


1. INTRODUCTION 
EXPERIMENTAL studies on alkali halide crystals of 
the highest purity are in progress in our group in 
order to clarify the fundamental properties of 


ionic crystals, especially those related to various 
types of lattice imperfections. Photoconductivity 
experiments on zone-refined KCl will be reported 
in this paper and the main emphasis will be placed 
on the following two lines of study. The first is 
the nature of electron traps at various temperatures. 
It is known that the range of conduction electrons 
in alkali halides is several orders of magnitude 
shorter than in other ionic crystals—silver and 
thallous halides, for example. It is still an open 
question to what extent such a short range of 
electrons and holes is an intrinsic property of 
alkali halides and how the value is influenced by 
lattice imperfections. The photoconductivity 
measurements on alkali halides of high purity 
containing F' centers to be described here will be 
a first step in the solution of the problem. The 
second problem is the nature of the optical transi- 
tions associated with color centers. It is well 
known that the photoconductivity experiments 
due to excitation of F centers carried out at 
Gottingen") were experiments in determining 
the electronic structures of F and F’ centers. 
There are several companion bands due to trapped 
electrons other than F centers—K, R, M and L 


bands—whose electronic structures are not yet 
fully understood. Photoconductivity experiments 
on F and K bands will be reported here as one of 
the studies to clarify the nature of optical excitation 
of these color centers. 


2. OUTLINE OF EXPERIMENTS 
Single crystal ingots of KCl have been obtained 
by successive application of chemical purification, 
vacuum distillation, and zone refining. 


Original material was prepared from reagent grade 
KHCOs and purified HCl. Kopayasui and Tomix1(?” 
discovered that this procedure is very effective for re- 
moving bromine impurity in KCl. According to 
measurements of fundamental absorption by Dr. 
TOMIKI, concentration of bromine impurity in our 
best crystal is as low as their best crystal [KCl—ak—1 
in Ref. (2)]. Next step of purification by vacuum dis- 
tillation was reported previously.) In this experiment, 
KCl powder was melted in a purified chlorine atmo- 
sphere before distillation. The distilled product was 
sealed in a purified chlorine atmosphere of about 
300 mm Hg and transferred to a zone refining appara- 
tus. Zone melting was performed in a two-zone fur- 
nace moving at 6 mm/hr. By a suitable choice of tem- 
perature gradient and also by adopting two final zone 
passes with the very low speed of 2 mm/hr, entire 
ingots turned out successfully to be single crystals. 


The value of ionic conductivity in the extrinsic 
range of temperature varies by a factor of 104 
along the ingot axis. The residual content of civalent 
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ions can be estimated to be at most 1 x 1014 cm-3 
for half of the ingot (1 cm in width and 15 cm in 
length) subjected to 25 zone passes.) Specimens 
of about 4x 4x 1mm were cleaved from various 
locations along the ingot and used for photocon- 
ductivity and optical absorption experiments. 
Photoconductivity experiments utilizing elec- 
trons excited from F centers have been performed 
in order to clarify the nature of electron traps in 
these highly purified crystals. Various amounts of F 
centers were introduced either by additive colora- 
tion or by irradiation of penetrating X-ray at room 
temperature (40 kV, 10 mA, tungsten target with 
aluminum filter 1mm thick and exposed from 
both sides). Primary photoconductivity has been 
measured by using monochromatic light pulses 
of 0-1 sec from a Hitachi spectrophotometer and a 
vibrating reed electrometer (Model 31, Appl. 
Physics Co.). The amount of induced charge per 
light pulse is at most 10-14 to 10-18 coulombs cm~? 
at a field strength of 0-5 to 1 x 108 V/cm~!. Evalu- 
ation of wo (quantum yield times unit range) 
from the measured value of induced charge was 
done in the manner described in the paper by VAN 
HEYNINGEN and Brown.) Optical absorption 
measurements were made at room temperature 
and at liquid nitrogen temperature soon after the 
photoconductivity measurements. 


The cryostat and sample holder are nearly the same 
as those used by INcHausp£(®) except that a NESA 
coated quartz plate was used as one of the electrodes 
and Mylar films were used to block both electrodes. 
The absolute value of light intensity was measured 
directly by a Bi-Ag thermopile (Eppley Lab.) cali- 
brated by NBS. 


In the first series of experiments to be described 
in 3a, dependence of ywo upon temperature 
(78°K to 220°K) for excitation at the F band peak 
has been studied as a function of F center con- 
centration (2 x 10!-1 x 10!7cm-3). The main 
problem in this case is to study the dependence 
of wo upon F center concentration at a fixed tem- 
perature where 7 is fixed in order to clarify the 
nature of the electron traps. 

In the second series of experiments to be given 
in 3b, dependence of nwo upon temperature has 
been studied for excitation at various wavelengths 
corresponding to F and K bands. The main in- 
terest here is to study the dependence of » upon 
exciting wavelengths in the same specimen where 
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wo is fixed. The results are discussed in relation 
to the nature of the optical transitions associated 
with the F and K bands. The field ionization 
effect previously studied by Liy? for bleaching 
and luminescence of F centers is also studied by 
measuring the photoresponse at high electric fields. 
The difference of the high field effects between F 
and K bands is also discussed from the same 
standpoint. 


3. RESULTS AND DISCUSSIONS 
3a. Photoconductivity due to F bands 
The general behavior of nwo with temperature 
for excitation by light in the F band peak (550 my) 
is the same as the Géttingen results.) Fig. 1 
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“> 
Fic. 1. nwo against temperature for X-rayed crystal T 
from purest part of the ingot. Excitation by F band peak. 


shows the results for a specimen taken from the 
purest part of the zone-refined ingots (containing 
divalent ions less than 1 x 1014 cm~%, called ‘‘pure 
specimens” in the following) and Fig. 2 is for a 
specimen taken from an impure part of the ingot 
(divalent ions 1017 cm~%, called “impure speci- 
men’’). Specimen 7 of Fig. 1 and specimen R of 
Fig. 2 were exposed to X-rays under exactly the 
same condition and amount of exposure. Different 
concentrations of F centers of 2:72 x 1015 cm-3 of 
T and 3-25 x 1015 cm-3 of R show the difference of 
X-ray darkenability at room temperature. 

In the earlier stages of the experiments, it was 
found that the electron range at liquid nitrogen 
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temperature is very sensitive to the density of 
dislocations. Figure 3 shows an example which 
illustrates the remarkable decrease of nwo below 
— 150°C. The F center density 9-1 x 1015 cm~3 of 
this sample P is to be compared with those of the 7’ 
and R samples described above. Such a parallelism 
of high darkenability at room temperature and short 
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- 200 -150 
°C 
Fic. 2. nwo against temperature for X-rayed crystal R 
from the impure part of the ingot. Excitation by F band 
peak. 


electron range at liquid nitrogen temperature is a 
definite feature of X-rayed KCl crystals with a 
high density of dislocations. All of the specimens, 
except otherwise stated, to be described below, 
including specimens 7' and R of Figs. 1 and 2, 
have been annealed at 450°C in a purified nitrogen 
atmosphere after being cleaved from the ingots, 
cooled to room temperature at a rate of 10- 
20°C/hr and then X-rayed. 

Figure 4 shows nwo against F center concentra- 
tion on various crystals studied at —120°C and 
— 180°C. 

(1) Values of nw at —120°C are inversely pro- 
portional to the F center concentration, irrespec- 
tive of impurities and dislocations. Even the 
sample P of Fig. 3 fits on the straight line. Elec- 
tron traps at —120°C are exclusively F centers. 

(2) The situation is different at —180°C. 
Various kinds of electron traps are operative in 
addition to F centers. They are related to divalent 
ions and dislocations and will be discussed one by 
one in the following. It is clearly seen that these 
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various traps are masked completely by F centers 
at —120°C. In other words, it is important to 
notice that changes in the nature of the electron 
traps can occur in the temperature range between 
— 180°C and —120°C where the quantum yield 7 
for producing conduction electrons from the 
excited state of the F centers also changes. 
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% 
Fic. 3. ywo against temperature for X-rayed crystal P 
containing a high density of dislocations. 


Proportionality between ywo and 1/np holds, 
however, in the case of annealed ‘‘pure’’ crystals 
(Tb, X, T, N, Tya, 0) at — 180°C. The electron 
traps at —180°C are F centers only in these 
relatively perfect crystals. 

(3) In the case of annealed “‘impure”’ specimens 
(R,\b, R, Ria, 62), the following relation holds. 
approximately 

nw oC 1/np9°6? 
at — 180°C, 

This result can be understood by assuming that 
divalent impurity ions of 10!%cm~* produce 
electron traps in addition to F centers. This type 
of trap associated with divalent ions is equivalent 
to F centers of 1x 10!6cm-? at —180°C. This 
means that the value of trapping cross section per 
divalent ion is at most one-tenth that of an F 
center at this temperature. 
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ne, cm-> 

Fic. 4. nwo for F excitation against F center concentration np at —120°C 

(upper group) and —180°C (lower group). 
Specimens T, T\b, T;a, and N are annealed pure crystals X-rayed. 6; and X 
are annealed pure crystals colored additively. 
R, Rib and Ra are annealed impure X-rayed. 62 is annealed impure colored 
additively. 

Specimens T\b’ is deform-and-annealed T\b and X-rayed. R)b’ is deform-and- 
annealed R)b and X-rayed. P is pure crystal with high dislocation density and 


X-rayed. 


(4) Results for specimen T\b’ and R,b’ in Fig. 4 
are those of control experiments for examining 
effects of upon 
range. Specimens Tb (“pure’’) and R, b(“impure’’) 
were subjected to plastic deformation by 20 per 


dislocation densities electron 


cent compression at room temperature, then 
annealed in a purified nitrogen atmosphere at 
410°C for 10 hr, and slowly cooled to room tem- 


* Effects of this treatment upon ionic conductivity 
are to be published elsewhere.) 


perature. The density of dislocations in specimens 
thus treated* is estimated to be 1 x 10 lines cm~? 
for both T\b’ and R\b’ from etch pit countings. 
This value is almost ten times larger than that for 
T\b and R\b of 2-3 x 108 lines cm-?. 4) 
Comparison of T)b and T\b’, and also R)b and 
Rb’ will give the effect of dislocations of 10’ lines 
cm~? with the impurity content fixed. It is clearly 
seen from Fig. 4 that the electron range at — 180°C 
has been greatly reduced by increasing the dis- 
location density. Comparing T\b with T\b’, the 
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additional traps by dislocations are estimated to 
be equivalent to F centers of 1x 10!6cm-*. In 
R,b and Rb’, additional traps are equivalent to 
F centers of 2-2:5x10!6cm-*. Equivalence of 
dislocations of 10? lines cm-? with F centers of 
1016 cm~3 corresponds to a trapping cross section 
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Fic. 5. Optical absorption of X-rayed 
measured at liquid nitrogen temperature. 


sample N 


per atom along a dislocation line ten times larger 
than the cross section of an F center. This seems 
to suggest that the origin of dislocation trapping 
is a field around the dislocation line somewhat 
long-range in nature rather than jogs along dis- 
location lines. This type of trapping mechanism 
was first proposed by Kawamura and OnkuRA®), 

Enhancement of darkenability due to disloca- 
tions is more pronounced in “‘impure”’ specimens 
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Fic. 6. nwo for X-rayed sample N by excitation at 
various wavelengths: 600 and 550 my in F band, 450 and 


420 mu in K band. 


(F center concentrations, R,b: 2 x 1016 cm-3 and 
R,b’: 4:5 x 1016 cm-%) than in “‘pure’’ specimens 
(T,b : 2x 1016 cm-3 and T\b’ : 2 x 1016 cm), all 
of which were subjected to the same X-ray ex- 
posure. Taking these results into account, we 
might guess that effects of divalent ions upon 
electron range at —180°C and X-ray darken- 
ability at room temperature is, to some extent, due 
to the indirect effect of divalent ions upon dis- 
location structure. Some of these results may be 
related to charged dislocations which are believed 
to exist in this crystal. 4.9 
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Fic. 7. Examples of induced charge per pulse against 

applied electric field. Right-hand ordinate is for 420 mu 

and left-hand is for 550 mp. Measured at liquid nitrogen 
temperature. 


3b. Photoconductivity due to F and K bands 
Figure 5 shows the optical absorption at liquid 

nitrogen temperature of “‘pure”’ crystal N X-rayed 
rather heavily (np:5x10!8cm-%). Photocon- 
ductivity of this specimen was measured as a 
function of temperature by exciting monochro- 
matic light at various wavelengths, which are: 

600 mu (F band) 

550 mu (F band) 

450 mz (K band) 

420 mu (K band). 
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nwo against temperature of these measurements 
are shown in Fig. 6. The results can be understood 
by assuming that the energy AE necessary for 
thermal excitation from the excited state to the 
conduction band is lower in the transition corre- 
sponding to K band than that in the F band transi- 
tion. The value of AE for the F band transition 
can be estimated as about 0-06 eV from Fig. 6. 
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Fic. 8. Induced charge Q against field strength |E] for 
excitation at various wavelengths in F and K bands. 
The scale of Q is changed for each curve. 


In some of the experiments described above in 
Fig. 4 the temperature dependence of photo- 
response was measured by excitation both at 
550 my and 450 my for the same specimen. This 
confirmed that the observed temperature depend- 
ence of photoresponse below —150°C is partly 
due to change of electron range with temperature 
in addition to change of quantum yield, because 
the contribution from change of wo should be 
common to the measured value of nwo for different 
exciting wavelengths. 


T. NINOMIYA 


and K. KIDO 


If the value of AZ is different between the F 
and K bands, the high field effect of the type 
studied by Liry“) should be different. Fig. 7 
shows one of the results for high field effect upon 
photoresponse. An annealed pure sample, 0-2 mm 
thick, subjected to weak X-ray irradiation was 
used in this experiment and voltages up to 800 V 
were applied at liquid nitrogen temperature. 
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Fic. 9. Q/|E| against 1/|E| for the data in Fig. 8. The 
scale for Q/|E| is changed for each curve. 


Experimental results for various exciting wave- 
lengths on the same specimen are summarized 
in Fig. 8. It is seen that the induced charge Q per 
light pulse is proportional to |E|" where || is the 
field strength. The value of m depends upon the 
exciting wavelength as follows: 
wavelength (mz) 600 550 500 450 420 400 
n 2-02 2-17 2-17 1-54 1-19 1-02 


In the F band region, n is close to 2 and decreases 
to 1 towards the K band. 

According to the theory for field ionization by 
Franz“), the probability w of field ionization 
varies with field strength as follows, 


w - exp [—const. (AF)?/2/|E}] (1) 


In photoconductivity measurements, neglecting 
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saturation effect, the number of conduction elec- 
trons produced is expressed as, 

n ofQ/|E| (2) 
Figure 9 shows the plot of Q/|F| against 1/|£| for 
the results of Fig. 8. It is understood that the high 
field part in Fig. 9 corresponds to the type of field 
ionization expressed in equation (1) and the low 
field part is mainly governed by thermal ionization. 
In the F band region (600, 550 and 500 my), AE 
has a certain constant value and gradually de- 
creases towards the K band region (450, 420 and 
400 mu). These results support the explanation 
for high field effect by field ionization, on the one 
hand, and the explanation for the K band transi- 
tion as a transition to a higher excited state than 
the F band transition, on the other hand. Work is 
in progress for extending these observations to 
lower temperatures and also to other color centers. 
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PULSE AND STEADY PHOTOCONDUCTIVITIES 
OF COLORED ALKALI HALIDES 


M. ONUKI* and H. OHKURA 
Department of Applied Physics, Osaka City University, Osaka, Japan 


Abstract—Measurements of pulse and steady photoconductivity were made on colored KBr and 
KCl in an attempt to investigate various kinds of electron traps in colored alkali halides. To investi- 
gate the space charge polarization effect which makes it difficult to measure the true photocon- 
ductivity of specimens, photocurrents produced by repeated light pulses under various conditions 
were observed. The frequency dependence of a.c. photocurrents under steady illumination was 
also investigated. From the above results, the condition of space charge free was found. The tem- 
perature dependence of the pulse photocurrent, the time constants of current-decay, and the a.c. 
photoconductivity under steady F-light illumination vs. its illumination level were measured under 
this condition. By applying trapping kinetics to the above results, three kinds of electron traps were 
found in colored KBr, one corresponding to F-centers and the other two to unknown centers. In 
KC] traps produced by photo-chemical reaction were found in addition to F-centers. 


ALTHOUGH the photoconductivity in colored 
alkali halides has been investigated extensively by 
a number of workers, there seems to be few papers 
which deal with the trapping kinetics of photo- 
electrons in detail. This fact may be due to the 
difficulty in measuring an intrinsic bulk photo- 
conductivity without any effects due to a space 
charge polarization. In the present work we made 
experiments on the pulse and steady photocon- 
ductivities of colored KBr and KCl under the 
condition of space charge free in the temperature 
range between —180°C and room temperature. 
This condition was realized by applying to the 
crystal an a.c. field and pulse illumination syn- 
chronized to the plus and minus peaks of the a.c. 
field. On the other hand the same condition also 
seems to be satisfied by using an a.c. field and 
steady illumination, when the frequency of the 
a.c. field is not too low. Using the above two 
methods, we measured pulse photocurrents with 
F-band light pulse of various conditions, and a.c. 
photocurrents under steady illumination of F-band 
light. The decay currents, after switching off the 
illumination, and the illumination level depend- 
ence of the steady a.c. photocurrent, were also 
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studied at each temperature. From these results 
several kinds of electron traps were found in 
colored alkali halides. Crystals purified by a re- 
crystallization technique and colored additively 
were used in this work. 

charge 
or both 


whenever 
near one 


Space charge formation occurs 
carriers or vacancies accumulate 

electrodes. In the case of alkali halides, we can neglect 
the ionic space charge effect due to mobile ions because 
their mobility is lower than that of electrons at low tem- 
peratures. To investigate the electronic space charge 
effect, the variation of photocurrents in colored KBr 
with time caused by repeated pulse illumination were 
measured under the conditions of applying a.c. and d.c. 
fields. The a.c. field synchronized to the repeated light 
pulse led to constant magnitude of pulse photocurrents 
after applying the a.c. field. On the contrary, the pulse 
photocurrent decayed with time when the d.c. field was 
applied. From the observed decay time, it was concluded 
that the pulse photocurrent was decreased by the 
presence of the space charge field due to a charge of about 
1:5 x 10-19 C/cm? flowing in one direction when a d.c. 
field of 10®V/cm was applied.“) Further, we measured 
the temperature dependence of pulse photocurrents in 
colored KBr under the following conditions; (1) the 
light pulses of 90 usec duration and 30 rps were syn- 
chronized to both plus and minus peaks of the applied 
a.c. field (Case I), and (2) the light pulses of 90 psec in 
duration and 30 rps were synchronized to either plus 
or minus peaks of the a.c. field (Case II). Figure 1 shows 
the results and the relations between the a.c. field and 
light pulses in the above cases. In the temperature region 
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below —80°C the photocurrent in Case II was much 
smaller than that in Case I. This result indicates that 
at low temperatures the free charges swept to one 
direction become immobile and are accumulated near 
one of the electrodes, neither being drawn backward nor 














Fic. 1. The temperature dependence of pulse photo- 

current. The conditions of synchronization between the 

periods of illuminations and the electric fields are 

different in the two curves. The relation of the position 

of the light pulses to the a.c. fields are shown in each 
case. 


spread uniformly over the specimen by the a.c. field. The 
charge carriers may be trapped at a surface state near the 
electrode, the thermal depth of its level being estimated 
to be about 0°3 eV.(2) 

In the a.c. measurement of photocurrents, the above 
trapping effect due to the surface state may be unim- 
portant, because the steady illumination is applied in 
both plus and minus cycles of the a.c. field. Electrons 
which approach the anode surface in a half cycle of the 
a.c. field may fill the ionized F-centers (negative ion 
vacancies) which were formed near the surface in the 
previous half cycle, without filling the surface state. 
Thereby the surface regions of the specimen tend to be 
neutralized. However, it has been found that there are 
non-photoconducting layers between the electrodes and 
the specimen.) To investigate the property of these 
layers, the steady a.c. photoconductivity and the phase 
angle between the photocurrent and the applied voltage 
were measured, the frequency being varied from 20 c/s 
to 1000 c/s. Figure 2 shows the results, where |G| is the 
absolute value of photoconductance and ¢ the phase 
angle. We can describe the equivalent circuit of the speci- 
men as the one shown in Fig. 3, where Gx» represents 


the conductance of the photoconducting region in 
the specimen, Co the geometrical capacity defined by 
the dimensions of the specimen, and Ci and C2 the 
capacities of the charge-free layers near the electrodes. 
From the values of Ci and C2, the thickness of the layer 
was estimated to be about 2 x10-3cm. The thickness 
of the layers was observed to change with time very 
slowly. For instance, the thickness of the layer was 
found to increase to about four times as large as the 
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Fic. 2. The absolute value of photoconductance, |G, 


and the phase angle, ¢, between photocurrent and 
applied field vs. frequency in various illumination levels. 
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Fic. 3. The equivalent circuit of the specimen in the 

photoconducting state. In the circuit diagram, Co repre- 

sents the capacity between the electrodes, G,, the con- 

ductance of the photoconducting region in the specimen 

and C; and C2 the capacities of the charge-free regions 
near the electrodes. 


initial value in a week after cleaving a bulk to a small 
specimen for use, while the value of Goo was decreased 
by as much as 10 per cent. The increase of the thickness 
of the layer is probably due to the creation of various 
traps near the surface introduced by the thermal bleach- 
ing of F-centers in the layer. An a.c. field whose fre- 
quency is at least higher than 200 c/s must be used in 
this case, in order to detect the true a.c. photoconduc- 
tivity Goo. 

The pulse and steady photocurrents measured by the 
above methods were proved to be linearly dependent on 
the applied fields. 


Generally speaking, the pulse photocurrents in 
colored alkali halides as a function of temperature 
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have been known to have the character shown in 
Fig. 4. The characteristic in the range B-y in the 
figure is explained in terms of the quantum 
efficiency of excitation of F-center electrons to the 
conduction band. The temperature corresponding 
to point 6 is described in terms of the thermal re- 
lease of F’-center electrons created during the F- 
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Photocurrent 











Temperature 


Fic. 4. The pulse photocurrent vs. temperature in the 
typical form. 


band pulse illumination. Point 6 shifts to the lower 
temperature side as the duration of the light pulse 
is increased, since the F’-electrons have more 
chance to be released thermally to the conduction 
band when pulsed illumination of longer duration 
is applied. This effect has been found by von 
GERICKE for colored KCIl.4) We made experi- 
ments on this problem in detail for KBr by the 
methods of (1) a.c. field and pulse light and (2) 
a.c. field and steady light. The results are shown 
in Fig. 5. In the figure, Curves I, II and III are 
photocurrent vs. temperature curves for 30 psec, 
90 sec and 800 psec light pulse durations, re- 
spectively. The scale relationship among the 
different curves in the figure is arbitrary, and only 
their slopes are meaningful. The cusps at —32°C 
and +2°C in Curve 1 correspond to those at 
— 50°C and —8°C in Curve II and to —74°C and 
—30°C in Curve III. On the other hand, the 
temperature-dependence of the 330 c/s a.c. photo- 
current under steady illumination shown in Curve 
IV does not show a definite cusp. 

A fast current-decay (< 10-*sec) after the 
pulsed illumination near the temperatures of Oo 
and Og was observed in the measurement of pulse 
photocurrents. A slow current decay (> 10-? sec) 
after switching off the steady illumination above the 
temperature of O,, was observed in the measure- 
ment of steady a.c. photocurrents. The time 


constants of the decays were decreased as the tem- 
perature was increased. This fact suggests that the 
current decays should be due to the thermal re- 
lease of electrons trapped in various kinds of 
imperfection in the crystals. The observed time 
constant of the decay may be expressed in an 
approximation after HORNBECK and HAyYNEs as 
follows :(5) 


Tx & Ty (1+7,/7#), (1) 
; wei er a 
where 1/7, is a rate of recombination of excess 
electrons in the conduction band or a rate of 











Fic. 5. The temperature-dependence of pulse photo- 
current in various light durations (Curves I, II, and III), 
and that of steady a.c. photocurrent (Curve IV). 


trapping by very deep traps, 1/7, a rate of genera- 
tion of electrons from the traps in question and 
1/7; a rate of trapping of electrons when all traps 
are empty. For example, the observed time con- 
stant of the slow decay 7; as a function of the re- 
ciprocal of absolute temperature is shown in 
Fig. 6. The temperature dependence of the 
observed time constant 7,, may be mainly due to 
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Tg in equation (1). We conclude that the slow de- 
cay-current can be explained by the thermal re- 
lease of electrons in F’-centers, from the results of 
the experiment on the thermal life of electrons in 
F’-centers after Pick (see the dashed line in Fig. 6) 
and of the different behavior of Curve IV from 
Curves I, II and III in Fig. 5. From the observed 
temperature dependence of the slow decay 
current in Fig. 6 we found that the thermal activa- 
tion energy of 7; is 0-44 eV and the time factor of 
ts is 10-% sec. In the present case 7, is due to un- 
known centers, the density of which may be the 
order of 1015/cm3. 7; is due to the F-centers, the 
density of which is nearly 10!7/cm?. The factor 
74/74 in equation (1) should be the order of 10? if we 
assume the cross section for trapping of unknown 











x K 


Fic. 6. The time constant of the slow decay, 7s, as a 

function of 1/7. The solid line shows the time constant 

of the slow decay, and dashed line the thermal life of 
F’-electrons after Pick. 


centers to be equal to that of F-centers. From the 
above consideration, the time factor tg9, which is 
the reciprocal of the frequency factor of F’- 
electrons, is estimated to be 10-1!sec. For the 
traps related to the two fast decay currents around 
Oz and Og temperatures, the activation energies 
were obtained as 0-35 and 0-43 eV respectively, 
assuming that their frequency factors are 101!1/sec. 
Little information concerning the origin of the 
fast decay currents is known at present. They are 
probably due to thermal treatment or unknown 
impurities. 

Now, we shall discuss the illumination level 
dependence of the steady a.c. photoconductivity, 
G_, of colored KBr and KCI at several different 
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temperatures. As is seen in Fig. 7, the photocon- 
ductivity G_, as a function of illumination level, J, 
could be approximately expressed as follows: 


G,, = AIP. (2) 


In colored KBr, the magnitude of p is nearly equal 
to unity below —110°C, and it decreases to about 
0-5 with the increase of temperature. Curve I in 
Fig. 8 shows the temperature dependence of the 
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Fic. 7. The true photoconductivity G,, as a function of 
illumination level, J, at each temperature. 


a.c. photoconductivity in colored KBr under 
steady F-band light illumination. The value of p 
at each temperature is indicated along the curve 
in this figure. Curve II in the figure shows one of 
the 90 usec pulse photoconductivity, where Curve 
II is normalized to Curve I in G, at —170°C. 
Considering the difference of two curve shapes and 
the value of p in each temperature region, it is 
concluded that the most dominant traps may be 
F-centers in the temperature range below — 110°C, 
where the carrier density is determined by the 
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monomolecular process (p = 1). At high tem- 
peratures, vacant F-centers (or negative ion 
vacancies produced during illumination) may play 
effective roles for trapping the conduction elec- 
trons, where the bimolecular process becomes 
effective to determine the carrier density (p ~ 0-5), 
while F’-electrons tend to be released thermally. 





arbitrary units 


Go» 











Fic. 8. The temperature dependence of the steady a.c. 

photoconductance G,, in colored KBr (Curve I). The 

value of p in equation (2) is shown along Curve I. Curve 

II, which corresponds to the 90 psec pulse photocon- 
ductivity, is shown for reference. 


In this case the unknown deep traps should be 
filled by the steady illumination. According to 
PIcK’s optical experiment, the quantum efficiency 
of F’ -> F conversion is known to be decreased as 
temperature is raised.) This fact seems to be in- 
consistent to our results at first sight. But there is 
no contradiction between them, because all of the 
F’-electrons produced by illumination should be 
released thermally at high temperatures and only 
vacant F-centers should be effective to trap 
electrons even if the cross section for trapping is 
small at high temperatures. 

The results of the similar kind of experiment in 
colored KCl are shown in Fig. 9. In the figure, 
are shown the temperature dependences of the 
pulse photoconductivity, the pulse durations of 
which are 800 psec, 90 psec, and 30 psec respect- 
ively. The temperature at which F’-electrons in 


KCl are released thermally may be expected to be 
about —80°C, considering the curve shapes in 
Fig. 9. On the other hand the value of p is nearly 
equal to 1-0 between — 180°C and about —20°C. 
The bimolecular process becomes effective around 
+20°C. Some traps were observed to be produced 
by the photochemical reaction under a long time 
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Fic. 9. The similar curves for colored KCl as those in 
Fig. 8. 


illumination. These traps became less effective 
to trap electrons above +20°C, while F-centers 
themselves were bleached under illumination. 
The traps whose thermally releasing temperature 
of electrons is about 0°C should be produced by 
F-band light irradiation. The results of the steady 
photoconductivity in KCl cannot be analyzed so 
well as in KBr. This seems to be deeply concerned 
with the fact that A, M, and R centers are able to 
be produced more easily in colored KCl than in 
KBr by an illumination at room temperature. 
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DISCUSSION 


D. Kaun: Did you use an a.c. field with steady 


illumination? Why should a.c. voltage and d.c. illumina- 
tion give a different effect than d.c. voltage and pulse 
illumination? 


M. Onuk!: Yes, I did. In the case of d.c. voltage and 


pulse illumination of long duration, space charge 


polarization results. On the other hand, for a.c. voltage 
and d.c. illumination the space charge effect is elimin- 
ated. Electrons that approach the anode surface in a 
half cycle of the a.c. field may fill the ionized F-centers 
which were formed near the surface during the previous 
half cycle; thereby the surface regions tend to be neu- 
tralized. 
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HOLE PHOTOCONDUCTIVITY IN KBr CRYSTALS 
CONTAINING Br MOLECULE IONS* 


C. J. DELBECQt+ 


Argonne National Laboratory, Argonne, Illinois 


Abstract—After X-ray irradiation at liquid nitrogen temperature, holes are trapped by forming 
Bry molecule ions in KBr containing one of the impurities Agt, Tl*+, Pb*+*+, or NO. The Brz mole- 
cule ions are oriented along <110) directions in the crystal and have two principal absorption bands 
at 385 my and 750 my, both of which show anisotropic properties. Irradiation into either one of these 
bands with [011] polarized light causes a redistribution of the ions among the six <110 > directions 
in the crystal so that the population in [011] is considerably enhanced. Photoconductivity has been 
observed upon bleaching with light of 750 mu wavelength. The bleaching light used was polarized 
along either [011] or [011]. Since continued bleaching at 750 mp with [011] light causes a decrease 
in the absorption of [011] light, the observed photoconductivity decreases. If the plane of polariza- 
tion of the bleaching light is rotated to [011], the photoconductivity rises and then decays to an 
equilibrium value. These changes in photoconductivity have been correlated with changes produced 


in the optical absorption spectra of Brz. 


INTRODUCTION 


EARLIER work") has proven the existence of F3, 
Clz, and Brg molecule ions which are oriented 
in the six <110) directions in the alkali halides. 
Subsequently the optical transitions": ®) of these 
molecule ions, and also Iz, have been identified 
and studied. This latter work has shown that cer- 
tain of these optical transitions are anisotropic, 
that is, the transition probability depends on the 
angle between the molecular axis and the electric 
vector of the exciting light, and that by excitation 
of these anisotropic transitions with plane-polar- 
ized light the population distribution in the six 
<110> orientations can be radically changed. It 
was believed that this reorientation of the mole- 
cule ion must involve the transport of a positive 
hole a few lattice distances through the crystal, 
and as a result might give rise to a measurable hole 
photoconductivity. 

In order to obtain sufficiently high molecule 
ion concentrations and a minimum of interference 
caused by the presence of other color centers in 
the crystal, it was found desirable to use 
KBr-NOgz crystals for this work. Although other 
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impurities act as efficient electron traps and thus 
promote the formation of Xz molecule ions, the 
optical excitation of the trapped electron, and con- 
sequent electronic photoconduction, appears to 
be a minimum, in the region of the X} molecule 
ion absorption, for a crystal containing NO}. 
KBr was chosen principally because the Bry ion 
has an anisotropic absorption at 750 my (well dis- 
placed from the absorption of the trapped elec- 
tron), as well as the principal anisotropic absorp- 
tion at 385 mu. 


EXPERIMENTAL PROCEDURE 

The single crystals used in these experiments were 
grown in this laboratory by the Kyropoulos method 
from a melt of KBr to which had been added 1 per cent 
of KNOzg. The crystals measured about 12 X10 X6 mm 
and were mounted in a Dewar flask so that both photo- 
conductivity and optical absorption spectra could be 
measured on the same crystal. The electrodes were 
painted on the crystal using silver paint and the photo- 
conductivity was measured using an Applied Physics 
Model 30 vibrating reed electrometer with a 104 Q 
load resistor and 1000 or 2000 V across the 6mm 
dimension of the crystal. Color centers were produced 
by X-ray irradiation from a Machlett tube with a tung- 
sten target operating at 50 kV and 50 mA, and filtered 
through 1mm of quartz, or by y-ray irradiation from 
a 4000 c Co® source. 

Optical absorption spectra were taken with a Cary 
Model 14R spectrophotometer. Polarized light for both 
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optical absorption and photoconductivity measurements 
was obtained by using an Ahrens prism. A 
filament lamp in conjunction with a 740 my interference 
filter and a #3387 Corning filter, and an AH-6 mercury 
lamp in conjunction with a 470 my» interference filter 
and #308 and #3391 Corning filters were used in the 
photoconductivity measurements to excite the 750 mp 
and 385 my Bry, transitions, respectively. 


EXPERIMENTAL RESULTS 
In Fig. 1 is shown the anisotropic absorption 
spectrum of Bry in KBr which can be obtained 
as follows: expose a KBr—NOj crystal at 77°K to 
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Fic. 1. The anisotropic absorption spectrum of the Bre 
molecule ion in KBr—NO3. 


X-rays or Co® y-rays and then excite the crystal 
with [011] polarized light in the 385 mp or 750 mp 
Bry bands; this excitation reorients the Brg pre- 
ferentially into the [011] orientation causing an 
anisotropy in the absorption spectrum, and the 
anisotropic absorption spectrum is obtained by 
subtracting the [011] spectrum from the [011] 
spectrum. 

Figure 2 shows the photoconductivity at 77°K 
of a KBr—-NO J crystal, which had been exposed 
at 77°K to Co® y-rays for 15 min, upon excitation 
with [011] polarized light in the 750 mp band 
(before these photoconductivity curves were 
taken the crystal had also been exposed to 600 mu 
light to remove the F band, and then with [011] 
light at 740 my to orient preferentially the Br). 
Before beginning the excitation with [011] 740 mu 
light, at ¢ = 1 min in Fig. 2, the optical density at 
740 mp with [011] light was 0-46 (65 per cent of 
incident light absorbed) and at the end of the 
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excitation the optical density (740 mp, [011]) was 
0-16 (31 per cent absorbed); during this excitation, 
the photocurrent decreased from an extrapolated 
initial value of 4-2x 10-14A to a final value of 
1-9x 10-14A. Thus the ratio of the fraction of 
light absorbed at ¢ = 1 min to that at t = 4 min is 
I/L4 = 2-1, and the ratio of the photocurrent at 
t = 1 to that att = 4is /)/J4 = 2-2. It is apparent 
that the photocurrent remains proportional to the 
intensity of light absorbed by the Bry ions during 
their reorientation. 

At time t = 4, the crystal was shielded from the 
exciting light and the polarizing prism rotated by 
90° and at time ¢ = 6 the crystal was excited with 
[011] light at 740 mp. The values L¢/L9 = 2-2 and 
I¢/1g = 2-3 were obtained and the same general 
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Fic. 2. Photocurrent measured at 77°K of a KBr-NO, 
crystal, which had been exposed at 77°K to Co® y-rays 
for 15 min, upon excitation with <110) polarized light 
of wavelength 740 mz. 


behavior is observed as in the case of excitation 
with [011] light. A series of such measurements 
can be carried out in which the photocurrent is 
found to be proportional to the intensity of light 
absorbed; however, the intensity of the photo- 
current and the intensity of the 750 mp band are 
observed to decrease. These decreases result from 
the migration of the Bry ions through the lattice 
and a recombination with trapped electrons. 
Experiments have also been carried out in which 
the crystal is excited in the 385 mp band of Brg. 
In this case, too, a photocurrent is observed which 
behaves qualitatively as that shown in Fig. 2; 
however, the current in this case is not propor- 
tional to the intensity of light absorbed (the de- 
crease in the current with increasing time is less 
than would be observed if the current were pro- 
portional to the intensity of light absorbed). 
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DISCUSSION 


The time dependence of the photoconductivity 
of a KBr-NOs~ crystal containing Bry, which is 
observed upon excitation of the crystal with <110> 
polarized light of wavelength 740 my (Fig. 2), 
can be readily understood both qualitatively and 
quantitatively on the basis that excitation of the 
750 myp transition of Bry results in the motion of 
a hole for a short distance through the lattice and 
that it is this hole motion which gives rise to the 
observed photocurrent. It is well established": ®) 
that optical excitation of the Xz molecule ions 
causes a change in the orientation of the molecule 
ions in the lattice; a change in orientation requires 
at least a small translation of charge. And, in fact, 
it has been shown in the case of KCl—Ag* crystals 
containing Clz that excitation of the Clz causes 
the formation of the (AgCl4)~ molecule ion)? 
which shows that after a number of excitations the 
Clz has moved a sufficient distance to encounter 
an Ag+ at which it is then trapped. Therefore, one 
should, in principle, expect a hole photocurrent 
upon optical excitation of Bry. The fact that the 
observed photocurrent is proportional to the rate 
of excitation of the Bry, as the Bry reorient and 
cause a decrease in the absorption of the exciting 
light,* is a very strong indication that the photo- 
current observed is a hole photocurrent. 

In the case of excitation in the 385 my band of 
Bry with light of wavelength 470 mp, it is be- 
lieved that the photocurrent consists of two com- 
ponents: one component being electronic and 





* The Brg transition giving rise to the 750 mp band 
is not strongly anisotropic’) and so the absorption, and 
therefore the photocurrent, do not change by a very 
large factor. 


arising from excitation of trapped electrons whose 
absorption overlaps the 385 my band and the 
other component being a hole current arising 
from optical excitation of Br3. 

The hole photocurrent which has been observed 
cannot be considered to result from the motion of 
a “‘free”’ hole through the lattice. On the basis of a 
simple molecular orbital model of the Xz mole- 
cule ions, °) excitation of the high energy transition 
results in an antibonding state of the molecule 
ion and its dissociation; and excitation of the low 
energy transition results in a weakly bonding state 
which is believed to be too weak to overcome the 
high vibrational energy, so that in this case, too, 
the molecule ion dissociates. The hole then 
migrates through the crystal until the initially 
high local vibrational energy of the lattice has been 
sufficiently dissipated to allow the formation of a 
stable XZ molecule ion; however, during this 
period in which it moves through the lattice, the 
hole probably experiences some degree of mole- 
cular binding with a neighboring bromide ion. 
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PHOTOCONDUCTIVITY IN RbI AND KI* 


Y. NAKAI} and K. TEEGARDEN{ 


Institute of Optics, University of Rochester 


Abstract—A threshold for intrinsic photoconductivity has been observed in RbI and KI at room 
temperature and lower temperatures. These experiments were carried out with an electrode arrange- 
ment quite different from that employed previously by TEEGARDEN and in a considerably cleaner 
vacuum. Photoconductivity occurs on the short wavelength side of the first exciton band in the 
region of the shoulder previously ascribed to the onset of band-to-band transitions. Photoconduc- 
tivity also can occur on the long wavelength side of the first exciton peak when F-centers or other 
kinds of electron-surplus centers, formed by irradiation with ultraviolet light, are present in the 


crystals. 


1. INTRODUCTION 
THE PURPOSE of this experiment was to deter- 
mine the band gap of KI and RbI by measuring 
the threshold for intrinsic photoconductivity. 
There are several reasons why this experiment is 
of interest. 


(1) The relationship of the bandgap to the 


various features of the optical absorption spectrum 
of the alkali halides, i.e. the ‘‘exciton”’ bands, is of 
importance in determining the true nature of 
these features. 

(2) ‘The question of whether or not photocon- 
ductivity occurs at the position of the first exciton 
band cannot be answered unless the threshold for 
photoconductivity is actually determined. That is, 
one cannot say that the absence of photoconduc- 
tivity in the exciton band is significant unless one 
demonstrates that photoconductivity in other 
regions can actually be detected. 

(3) Energy transfer mechanisms, such as those 
thought to be responsible for host-sensitized 
luminescence in the alkali halides, include the pro- 
duction of free holes and electrons and the transfer 
of energy cannot be attributed to other mechanisms 
until photoconductivity has been ruled out. 

Several attempts have been made during the 
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past twenty years to detect intrinsic photocon- 
ductivity in the alkali halides.“) Three years have 
passed since one of the authors started preliminary 
experiments on this subject.) Subsequent work 
has been devoted to extensive improvement of the 
experimental technique and reliability of the data. 
The results described in this paper are in good 
agreement with the results of the preliminary work. 


2. EXPERIMENTAL 

Crystals used in this experiment were cleaved from 
boules grown by Dr. K. Kortu of Kiel, Germany, by 
the Kyropoulos technique. The crystals were mounted 
in a cryostat so that they could be cooled to low tem- 
perature. The cryostat was provided with an evaporator 
so that films of KCl could be deposited on to the iodide 
crystals and electrodes after they had been mounted in the 
crystal holder. Several electrode arrangements were used 
in the experiment. Two of these are shown in Fig. 1. 
The second arrangement provided the most homo- 
geneous electric field distribution in the crystal and 
therefore provided the most quantitative information. 
Thin sheets of Mylar were placed between the crystal 
and the electrodes to prevent charge from entering or 
leaving the crystal. A film of KC] approximately 1000 A 
thick was evaporated on to the crystal and electrodes to 
prevent photoemission from these surfaces. Currents 
were measured with an Applied Physics Laboratory 
vibrating reed electrometer. The “rate of charge’’ 
method was used in detecting the small currents in- 
volved. Dry cells were used to produce the required 
fields in the crystals. 

A Bausch and Lomb quartz prism monochromator 
was used with a hot-cathode low-pressure hydrogen dis- 
charge tube as a source. The light from the monochro- 
mator was focussed on to the crystal with a quartz lens. 
The intensity of the light was monitored by means of 
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a 1P21 photomultiplier and a sodium salycilate phosphor. 
An absolute measure of the light intensity was obtained 
with a previously calibrated 6199 end-on photomulti- 
plier with sodium salycilate on the outside of the end 
window. The end-on tube was used in order to insure 
that all the light incident on the crystals was intercepted 
It is estimated that absolute measure- 
could be made to about 


by the detector. 


ments of the light intensity 


10 per cent. 
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Fic. 1. Schematic diagrams of the electrode arrangement. 
The copper holder was attached to the bottom of the 
inner Dewar of a cryostat. 


It was found that a very clean vacuum was necessary 
to avoid contamination of the crystal surfaces at low 
temperature. A Varian Vac-Ion pump was finally used 
to evacuate the cryostat used in this experiment. If an 
oil-diffusion pump was used, the crystals became con- 
taminated to the extent that photoemission could not be 
observed at low temperature. 

The greatest experimental difficulties encountered in 
this work were photoemission from the crystal and sur- 
rounding surfaces and polarization of the crystals due 
to the motion of the electrons.) Great care was taken 
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to minimize both these effects. It was found that a film 
of KCl on the crystal and electrodes greatly suppressed 
photoemission. The spectral distribution of the photo- 
emission from the crystal and electrodes was actually 
measured so that this phenomenon could be recognized 
if it occurred during the course of the photoconductivity 
measurements. Blank experiments, in which the KI or 
RbI crystals were replaced with KCl, were performed 
to be sure that the currents observed were not due to 
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Fic. 2. Photoconductivity in a single crystal of RbI with 
the desteabs arrangement shown in (1) of Fig. 1 


(1). At 20°C. (2). At —72°C. (3). At —176°C. 


some extraneous source. It was found that it. was neces- 
sary to use very low intensities of light to avoid polariza- 
tion of the crystals and the build-up of various types of 
color centers. Also, a certain relaxation cycle was used 
at room temperature to reduce further the effects of 
polarization. The crystals were exposed to ultraviolet 
radiation with the field in one direction and the current 
measured. Subsequently they were irradiated with both 
visible and ultraviolet light with the field reduced to 
zero. Then the current was measured at the same wave- 
length with the field in the opposite direction. This 
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cycle gave very reproducible results and the currents 
with both field directions were identical within a very 
smallerror. Curves 1 and 2 of Fig. 4 show the difference 
in photoconductivity which occurred when the crystal 
was not irradiated at zero field. 


3. DISCUSSION OF RESULTS 


The primary results of this experiment are 
shown in Figs. 2, 3 and 4. Fig. 2 shows the spectral 
distribution of the photocurrent in a crystal of 
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Fic. 3. Photoconductivity in a single crystal of KI with 


the electrode arrangement shown in (1) of Fig. 1. 
(1). At 20°C. (2) At —72°C. (3). At —176°C. 


RbI at three temperatures. This data was obtained 
using the electrode arrangement number 1 in 
Fig. 1. It should be remembered that these curves 
have been corrected for changes in incident light 
intensity. They are not corrected for changes in 
the reflectivity of the crystals. In all cases the main 
feature of the curves is the relatively abrupt increase 
in the photocurrent in the vicinity of 6-0 eV. Either 
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small minima or inflection points occur at photon 
energies near the position of the first and second 
exciton bands in RbI.) These features are shifted 
to somewhat higher photon energies in KI, as 
would be expected. 

The temperature dependence of the photocur- 
rents shown in Figs. 2 and 3 has not been satis- 
factorily explained as yet, although it appears to 
be reproducible with a given electrode arrangement. 
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Fic. 4. Photoconductivity in a single crystal of RbI with 
the electrode arrangement shown in (2) of Fig. 1. 

(1). At 20°C. The crystal was irradiated with both un- 
filtered tungsten light and ultraviolet light of the wave- 
length used for the measurement with the electric field 
reduced to zero after every single reading for both 
polarities of electric field. 

(2). At 20°C. No irradiation at zero field. 

(3). At —66°C. No irradiation at zero field. 

(4). At —130°C. No irradiation at zero field. 


With the electrodes arranged as in part (2) of 
Fig. 1, the dependence on temperature was some- 
what different, as can be seen from Fig. 4. 

It was found that the photocurrents increased 
linearly with increasing field at a photon energy of 
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6-2 eV, for both KI and RbI. This was true for 
both directions of applied field and the slope of 
the straight line was the same for both field direc- 
tions. No saturation was observed for either field 
direction up to fields of approximately 6000 V/cm. 
The currents also increased linearly with increas- 
ing light intensity at 6-2 eV. 

Figure 4 shows the results obtained with a 
crystal of RbI using the second electrode arrange- 
ment shown in Fig. 1. In this case the electric 
field was probably quite homogeneous in the 
crystal and an attempt has been made to give the 
results in terms of nwo (1—R), where 7 is the 
quantum efficiency, wo is the range in unit field, 
and R is the reflectivity of the crystal. The value 
of nwo (1—R) was obtained by using the formula: 
nwo (1—R) = i(d)?/enoV, where e is the charge of 
an electron, mp the number of photons incident 
per second, V the applied voltage, 7 the photo- 
current, and d the effective electrode distance or 
the actual distance corrected for the presence of 
the two Mylar sheets. Values of these parameters 
are shown in Fig. 4. 


4. CONCLUSIONS 

The results presented above indicate a value of 
about 6-0eV for the band gap of RbI and KI. 
The threshold for photoconductivity seems to 
correspond to the shoulder appearing in the 
optical absorption spectrum of these crystals 
which has been previously attributed to the onset 
of band-to-band transitions. ) 

Photocurrents were found to be smaller by a 
factor of at least 30 at photon energies correspond- 
ing to the peak of the first fundamental band, 
relative to the maximum photocurrents in KI and 
RbI. There are two explanations for this result. 
The one generally accepted is that the first 
absorption peak is due to the excitation of a non- 
photoconducting bound state of holes and elec- 
trons. Another is that the holes and electrons pro- 
duced by photons of energy corresponding to the 
peak of the first fundamental band are created 
near the surface because of the high absorption 
coefficient in this region. It is to be noted that the 
absorption coefficient at the band peak is of the 
order of 108 per cm, while it is of the order of 105 
per cm at 6-2 eV. The data indicate only a reduc- 
tion by a factor of about 2 or 3 near the peak of the 
second exciton band where the absorption 
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coefficient is also of the order of 106 per cm. This 
result means that the yield for free holes and 
electrons is indeed smaller at photon energies 
near the peak of the first fundamental band and 
supports the hypothesis that the band is due to a 
non-photoconducting transition. It is to be noted, 
however, that photoconductivity does appear at 
the position of the second exciton peak at about 
6:5 eV in RbI and about 6-7 eV in KI. This seems 
to indicate that these bands lie about 0-5 eV above 
the bottom of the conduction band. 

It still has not been demonstrated to the satis- 
faction of either of the authors that light absorbed 
in the first fundamental band gives rise to mobile 
excitons, however. In this regard the small but 
measureable yield for photoconductivity at photon 
energies lower than the position of the first funda- 
mental band is of significance. While it was found 
that the currents stimulated with 6-2 eV photons 
increased linearly with increasing light intensity, 
no such relationship was found for the currents 
stimulated with photons of 5-6eV and lower 
energies. There was some indication that these 
rise as the square of the intensity. Therefore it is 
believed that these currents may depend upon the 
photoproduction and destruction of color centers 
in the crystals. The fact that F-centers can be 
ionized with photons of these energies has been 
demonstrated by INcHAusPE®), 

Because of this result, recent experiments which 
interpret host-sensitized impurity luminescence 
produced in alkali halide crystals by irradiation 
in the long wavelength tail of the first fundamental 
band as being due to the diffusion of excitons are 
open to criticism. Excitons are only one of the 
energy transfer mechanisms which can give rise 
to such luminescence. Another is the holes and 
electrons which are produced by irradiation in the 
fundamental band tail. It has been demonstrated 
that free-charge carriers can indeed cause lumin- 
escence of impurities in the crystals.‘ 

Future experiments will be devoted to a study 
of the photoconductivity of these and other alkali 
halides at lower temperatures and higher photon 
energies. Since these materials have such a high 
absorption coefficient, the state of the crystal sur- 
faces may play an important role in the photocon- 
ductive process. It would therefore be interesting 
to study the effect of different surface treatments 
on the photoconductivity. 
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DISCUSSION 


A. Rose: What is the response time (i.e. rise and decay 
time) for the photocurrents? 

Y. Naxar: In the intrinsic region, i.e. in the region of 
photon energy above 5:8 eV, we did not observe any 
delay in response as far as the detector could follow. In 
other words, both the rise and the decay times are smaller 
than 0-5 sec. However, in the region of lower photon 
energy, we observed that photocurrents increased with 
time of irradiation, starting from a very small initial 


value. With the u.v. light turned off, photocurrents de- 
crease abruptly, that is, the decay time was shorter than 
0-5 sec. If we repeated the same measurement without 
irradiating the crystal with visible light, the photo- 
currents started with an initial value approximately the 
same as the final value of the previous measurement. 
We believe that this type of response was due to the 
build-up of color cet_.ers produced by ultraviolet light 
in the region of photon energy lower than 5°8 eV. 
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PHOTOCONDUCTIVITY OF SOME ALKALI HALIDE 
CRYSTALS IN THE FUNDAMENTAL ABSORPTION 
RANGE 


G. KUWABARA* and K. AOYAGI 


Department of Physics, University of Tokyo, Tokyo, Japan 


Abstract—The photoconductivity of KI, KBr and KCl in the fundamental absorption range was 
studied between —70° and 110°C. The spectral response curve consists of three characteristic 
regions. The first is a bell-shaped structure in the low energy tail of the intrinsic absorption band, 
which is temperature sensitive and presumed to be due to imperfections; the second is a very faint 
photoconduction at the first exciton peak, and the third is the temperature-insensitive photoconduc- 
tion above the higher energy tail of the first absorption peak due to direct photoionization in the un- 
disturbed crystal. The direct ionization starts at ca. 5-8, 6°8 and 7-5 eV in photon energy for KI 


KBr and KCl, respectively. 


1. INTRODUCTION 
THERE are several structures in the fundamental 
absorption range of alkali halide crystals. One 
group in the lower energy side has been interpreted 


as transitions creating electron-hole pairs coupled 
with each other, and another in the higher energy 
side as those creating free carriers. 

Recent experiments“ 2) have shown that there 
are much more complicated structures than those 
expected by simple considerations, especially in 
crystals composed of heavy halogens. Excitons do 
not cause conductivity unless they dissociate by 
absorbing thermal energy or ionize other impurity 
centers by transfering their energy. Therefore the 
study of the photoconductivity in this region may 
afford an important clue to the interpretation of 
the absorption band or behavior of excitons in 
these crystals. The external photoelectric effect has 
been measured, 4) while the detection of the in- 
ternal photoelectric effect has been unsuccessful as 
far as we know. 5) In this paper the spectral re- 
sponse of the photoconductivity and some dis- 
cussions thereof are given. 


2. EXPERIMENTAL PROCEDURES 
The vacuum monochromator used is the same 
as that reported previously.®) The light intensity 
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in the photoconductivity measurement was about 
101° photons/cm? sec for the pass band of 3 mp at 
200 mu. The current was measured with a d.c. 
amplifier by the charging-up method or with a 
vibrating-reed electrometer. The noise level of 
the former is 10-15 C, and that of the latter is 
2 x 10-16 A in the measuring condition. 

In this experiment, it is essential to reduce the 
external photoelectric current as far as possible, 
because most of the ordinary materials emit photo- 
electrons below 200 my, and the internal photo- 
current will be completely masked.“: 5) In order 
to reduce the external photocurrent from the elec- 
trode or from the crystal, various electrode 
arrangements and materials were tested. The best 
one so far obtained is shown in Fig. 1(a). The 
crystal is pressed between two electrodes, on which 
LiF films are carefully evaporated. The light falls 
on the crystal through many fine holes drilled on 
the front electrode, i. e. the incident light is parallel 
to the applied electric field. In this arrangement 
the forward or reverse direction denotes the case 
in which the negative or positive potential is 
applied to the front electrode. The photoconduc- 
tivity was measured with the forward direction, in 
which the created photoelectrons are drawn into 
the interior of the crystal. In some cases a third 
positive grid is placed before the front electrode 
to draw up the external photoelectrons from the 
front electrode. Another arrangement, as in Fig. 
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1(b) was also tested, in which the background 
current due to the external photoeffect of the 
crystal was larger than that in the former, especially 
below 200 my in KI. 

The crystals used were those purchased from 
Harshaw and grown in our Laboratory by the 
Bridgeman method. They were cleaved to about 
10x 10x 1-3 mm. The voltage applied was 450 V, 
i.e. the electric field was ca. 3500 V/cm. 














Fic. 1. Electrode arrangements. Electric field is parallel 
(a) and perpendicular (b) to the incident light. 

(a) 1. Dewar, 2. crystal, 3. lead to the electrometer, 
4. rear electrode, 5. heater, 6. spring, 7. front 
electrode and 8. radiation shield. 

(b) 1. electrode, 2. crystal, 3. electrode and 4. shielding 
case. 


In the measurements above room temperature, 
the detection chamber was filled with dry nitrogen 
of 0-8 atmospheric pressure. With these procedures, 
the background current or the external photo- 
electric current for the forward direction could 
be reduced below the noise level for light above 
160 mp. 

The current was kept small as far as possible, 
i.e. order of 10-15 A. Even with this small current 
the space charge effect appeared for light below 
220 my in the case of KI, because of small light 
penetration depth. 
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3. RESULTS AND DISCUSSIONS 
The spectral response of the photocurrent in 
KI for the forward direction at room temperature 
is shown in Fig. 2(a). The ordinate is a photo- 
current normalized to incident photon numbers. 
The curve consists of three regions. One is a sharp 
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Fic. 2. Photocurrent and reflectivity of KI at room 
temperature: electrode arrangement (a), forward 
direction. 

(a) photocurrent of KI in 0-8 atm Ne, 

(b) reflectance of KI single crystal, 

(c) absorption of KI film (after Esy et al.), 

(d) photocurrent of mechanically treated KI, i.e. the 

surface was rubbed with emery paper and polished. 


structure of a bell shape, whose maximum lies at 
about 234 mp extending between 210 and 225 mu 
(denoted as the first peak). The second is a very 
faint photoconduction* around the first absorption 
band (denoted as the second region). There is a 
sharp dip between these two regions. The third is 





* This is just a little above the noise level and is not 
shown in the figure. A detailed study of this region with 
higher sensitivity is in progress and will be reported in 
another paper. 
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the broad structure which rises from the higher 
energy side of the first absorption band (third 
region). In the case of the forward direction an 
almost linear relation existed between the applied 
voltage and the amount of photocurrent for light 
of 185 my as well as that of 230 my up to a field of 
6,000 V/cm. This result shows that the photo- 
current is due to the internal photoeffect. The 
curves (a) and (b) in Fig. 3 are the photoresponses 
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Fic. 3. Photocurrent of KI at room temperature, reverse 
direction. 

(a) reverse direction in 0:8 atm Ne, 

(b) in vacuum, 

(c) electrode arrangement (b) in 0-8 atm Ne. 
for the reverse direction obtained in Ne of 0-8 atm 
and in vacuum, respectively, and (c) is for the 
electrode arrangement (b). These curves show that 
the external photocurrent from the crystal rapidly 
increases below 200 mu. 

The temperature dependence of the photo- 
response between 110° and —70°C is shown in 
Fig. 4. As the temperature is decreased, the height 
of the first peak decreases remarkably compared 
with that of the third region, and its peak position 
shifts towards higher energy with a rate of 
1-0 x 10- eV/deg, which is almost the same rate 
as that of the exciton peak. 


Curve (d) in Fig. 1 is the response of a mechanic- 
ally treated crystal, i.e. the surface is rubbed with 
emery paper and then polished with a fine cloth to 
reduce the light scattering. With this procedure, 
which is supposed to cause a large amount of 
strain or imperfections near the surface, the current 
in the third region decreased to less than one- 
tenth of its original value, while that in the first 
peak remains almost the same except for a slight 
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Fic. 4. Temperature dependence of photocurrent of KI. 


change in the form of the higher energy side cut- 
off. By dissolving the surface layer with water, the 
photocurrent recovered almost the same value as 
that before treatment. The vacuum evaporation 
of a LiF film on to the surface also caused a 
similar effect. 

The current in the third region also decreases 
conspicuously with continuous irradiation by 
light in this band, while that of the first peak re- 
mains almost unchanged by irradiation with light 
in the first peak or in the third region. This is 
because in the former case a higher local space 
charge builds up near the surface than in the 
latter for an equal amount of current in the outer 
circuit. The above two facts show that the photo- 
effect in the first peak occurs almost uniformly 
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throughout the crystal, while that in the third 
region occurs within a quite thin layer near the 
surface, owing to the extremely small penetration 
depth of light, and is liable to be affected greatly 
by the crystal imperfection near the surface. 
After irradiation in the first peak for several 
minutes, the light above 600 mp (designated as 
infrared light) causes the photocurrent, which de- 
creases to zero with time. Moreover, the first 
peak almost coincides with the absorption peak of 
the B-band. Accordingly, it may be suggested that 
the peak is correlated with the F-center which is 
formed by an exciton and successively ionized by 
another exciton or directly by absorbing light in 
the 8-band. This mechanism, however, is denied 
by the following reasons. The first peak appears 
even in the freshly cleaved crystal and the amount 
of current neither increases by prolonged irradiation 
with ultraviolet light nor decreases after sufficient 
irradiation with infrared light which includes the 
F-band of KI. If the «- or B-band is the origin of 
the photocurrent, we expect a large amount of 
negative-ion vacancies and accordingly a higher 
first peak for the quenched crystal. However, the 


peak height is nearly the same irrespective of the 


various treatments. If we assume that the creation 
and successive ionization of the F-center is the 
origin of the photocurrent, we should have a super- 
linear relation between the amount of current and 
the light intensity. This also contradicts the 
experiment. 

There are two possible mechanisms which cause 

the first peak: 

(1) Localized exciton absorption, i.e. the excita- 
tion of the halogen ion near an imperfection, 
or the absorption band due to an impurity is 
hidden under the tail of the first absorption 
band. 

(2) Excitons created by light at normal lattice 
points transfer their energy to the electron 
trapping impurity centers, ionizing them. 

At the first peak, 2 x 109 photons/sec are ab- 

sorbed by the crystal, and we get 10-9 cm2/V as 
nw at room temperature, where 7 is the quantum 
efficiency per incident photon and w the schubweg 
per unit applied voltage. If we assume 2 per cent 
of the 234 my light is directly absorbed by the 
hidden band or 2 per cent of created excitons 
transfer their energy to impurities, the above value 
of w seems to be reasonable. In the former, the 
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spectral sensitivity curve at around 234 my is in- 
terpreted to correspond to the shape of the 
impurity absorption affected by the tail of the 
fundamental absorption band, and the impurity 
concentration is estimated as 1016 cm~% assuming 
the absorption coefficient of 0-8 cm=! (ca. 2 per 
cent absorption at 234 my). In the latter, the de- 
crease of the higher energy side may be interpreted 
to arise because excitons are formed too densely 
near the surface so that the most of them annihilate 
before transferring their energy effectively to the 
uniformly distributed impurity centers of low 
concentration. The building up of the infrared 
photoconductivity by u.v. radiation shows that 
the original impurity centers are destroyed and that 
ejected electrons are trapped by shallow traps. 
Nevertheless, the peak height remains unaltered. 
This seems to favor mechanism (2) because newly 
developed centers may also be ionized by excitons. 
The hidden impurity absorption band is not the 
B-band, because the peak height does not decrease 
even after photoconduction by i.r. light has com- 
pletely disappeared. 

It cannot be decided at present which of the 
two mechanisms is responsible for the first region. 
This will be discussed in another paper together 
with the photocurrent at the exciton peak. 

The temperature dependence of the photocon- 
ductivity in the additively colored KI shows 
that the schubweg is nearly constant between 
— 60° and 110°C. Therefore, the strong tempera- 
ture dependence of the current in the first peak 
might be ascribed to the change of ionizing 
efficiency. Assuming the temperature dependence 
to have the form exp (— E/RT), we get E = 0-11eV. 

Comparing the photoconductivity below 220 my 
with the reflection spectra, it may be seen that the 
photoconductivity arises from the high energy tail 
of the first absorption band or near the absorption 
shoulder and shows a peak around the low energy 
side of the second absorption band. The decrease 
at the second peak is not as steep as that at the 
first absorption peak and the structure below 
200 mp corresponds well with the reflection curve. 
The slight temperature dependence of the photo- 
current in this region is mainly due to that of the 
schubweg, and ionization occurs with almost con- 
stant quantum efficiency irrespective of photon 
energy or temperature. These features show that 
above around 5-8 eV, the free carriers are directly 
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created by photons contrary to the region below 
5*8 eV. 

Figure 5 and Fig. 6 are the photoresponses for 
KBr and KCI, respectively. The main features are 
nearly the same with those of KI, i.e. a bell-shape 
peak, which is probably due to imperfections, 
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Fic. 5. Photocurrent of KBr at room temperature. 
(a) forward direction in 0-8 atm No, 
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appears in the low energy tail of the first absorption 
band, the current drops sharply or is hardly de- 
tectable at the absorption peak and again increases 
as the photon energy exceeds the higher energy tail 
of the first peak. However, there are some differ- 
ences in the details, the study of which are now in 
progress. The approximate photon energy for the 
onset of direct photoionization in the undisturbed 
lattices of KI, KBr and KCl at room temperature 
are listed in Table 1. 


4. CONCLUSIONS 


The photoconductivity of KI, KBr and KCl 
were studied in the fundamental absorption range. 
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The spectral responses consist of three character- 
istic regions: a bell-shaped peak in the low energy 
side of the fundamental absorption band which is 
probably caused by impurities, a faint photocon- 
duction at the first absorption peak and a tempera- 
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Fic. 6. Photocurrent of KC] at room temperature. 
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(b) mechanically treated, forward direction in 0-8 atm 
Ne. 


Table 1 
| 
Onset of direct photo-| The first peak of 


ionization (eV), room | photocurrent (eV), 
temperature room temperature 


Crystal 





KI 5° 
KBr 
KCl 


ture-insensitive photoconduction due to direct 
photoionization in the undisturbed lattice which 
occurs above the high energy tail of the first peak 
with nearly constant quantum efficiency irrespec- 
tive of the photon energy. 
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DISCUSSION 


A. Rose: If you assume that each photon excites one G. Kuwapara: No, we cannot, because the mobility 
free electron, can you estimate the lifetime of a free of an electron in KI has not been determined. 
electron? 
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PHOTOCONDUCTIVITY IN ORGANIC SINGLE CRYSTALS 


J. KOMMANDEUR* 


Parma Research Laboratory, Union Carbide Corporation, Parma 30, Ohio 


Abstract—In general, it is very difficult to define a “band gap’’ in organic materials. The ultra- 
violet spectrum of the solid is almost identical to that of the molecules in the vapor phase. Therefore, 
light absorption is essentially determined by the single molecules. Thus, no relation between 
thermal and optical band gap is to be expected or found. 

Phenomenologically, anthracene can be used for an illustration of most of the properties encoun- 
tered. Surface currents and bulk currents have been observed and separated experimentally. Under 
inhomogeneous illumination, space charge effects, the Dember effect, and many other related 
phenomena have been detected. The photoresponse is closely related to the absorption spectrum 
and depends critically on the geometrical arrangement. The material is exceedingly sensitive to 
neutron irradiation. The high impedance of the material precludes measurements of the Hall or photo- 
electromagnetic effect, but recently the hole and electron mobilities have been measured by a pulsed 
photoconductivity technique. It was found that the mobilities are of the order of 1 cm?/V-sec and 
anisotropic. A theoretical calculation of this anisotropy has been successful. 

The magnitude of the photocurrents and their spectral sensitivity can be changed markedly by 
absorption of electron acceptors, or donors, on the surface of the crystals. This leads to the con- 
clusion, already inferred from other work, that most of the charge carriers are generated in the sur- 
face layer. 


INTRODUCTION 
PHOTOCONDUCTIVITY is a feature common to many 
organic materials, Particularly in compounds con- 
taining z-electrons, i.e. possessing conjugated 
double or triple bonds or some aromatic ring 
system, photoconductivity has been found to 
occur. Historically, the phenomenon has been 
known to exist since the first decade of the century, 
but only recently have experiments been carried 
out which produced detailed information on the 
photocurrents. 

A previous review of the subject was given by 
GarRETT™), but recent developments in the field 
appear to warrant a renewed effort. An endeavour 
will be made to discuss the subject from a mechan- 
istic as well as from a phenomenological point of 
view. The molecular nature of the solids must be 
taken into account and this prohibits the blanket 
application of the theory of the solid state as it was 
developed for inorganic semiconductors. There- 
fore, a discussion of the mechanism of the photo- 
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conductivity of organic solids seems to be in order. 


Since the latter subject is still rather underdevel- 
oped, a large number of experiments have been 
carried out, which are more or less phenomeno- 
logical in nature. They have generally been inter- 
preted on the assumption that charge carriers are 
formed in some way or other at, or close to, the 
region where light is being absorbed. 

To acquaint the reader with the subject matter, 
a very short review will be given of the chemical 
nature of the various materials studied. This 
section will be followed by a few paragraphs out- 
lining the experimental problems and techniques. 
Since no striking differences between organic 
compounds have been found, anthracene will be 
used as the compound with which to illustrate con- 
veniently the mechanistic and phenomenological 
points of interest. 


THE MATERIALS 


As mentioned above, almost any organic con- 
taining a z-electron system exhibits some photo- 
conductivity. These materials fall largely into two 
classes. The aromatic hydrocarbons have been 
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studied because theoretical knowledge about the 
molecules making up the crystal is well developed. 
The other well studied group is the organic dyes. 


A large number of them have the property of 


‘sensitizing’ inorganic photoconductors. For in- 
stance, the spectral response of the photocon- 
ductivity of zinc oxide can be shifted towards the 
visible by absorbing dyes on the surface. This has 
led to a great amount of interest and many studies 
on the photoconductivity of dye films are 
available.) In a review of this nature, however, 
it appears to be sensible to limit the subject. Since 
the field is relatively new, most information will 
be gleaned from single crystal studies, and this 
limits the discussion almost entirely to the aro- 
matic hydrocarbons. 


EXPERIMENTAL 

Purification of organic materials presents a 
problem at the present time, since no criteria are 
yet available to assess the purity. Three methods 
have been used. Sublimation can eliminate ad- 
sorbed gases, chromatography®) is an excellent 
tool for removing similar hydrocarbon impurities, 
and zone-refining™) has been used by a number of 
workers to obtain highly purified materials. 
Crystals have been grown in three different ways. 
Sublimation®) leads to thin flakes, which are 
difficult to handle, but easy to grow. Growing 
crystals from solution) is a little harder, but it 
has been carried out successfully and it yields 
larger, less fragile samples. Most widely used is the 
Bridgman furnace technique.) Single crystals up 
to three feet long have been grown in this manner. 

Contacts to samples have been made by silver 
paint, Aquadag, silver or platinum (pressed on, 
melted on, or evaporated), and recently by electro- 
lytic solutions.‘8) For photoconductivity measure- 
ments, evaporated silver has found the widest 
application, but the electrolytic solutions have led 
to more intriguing discoveries. The contact prob- 
lem has not been solved at all, and in the dis- 
cussion there shall be need to return to this 
subject. 

The photocurrents studied are usually extremely 
small, in the order of 10-19 to 10-14A. This 
necessitates the use of high input impedance d.c. 
amplifiers or even vibrating-reed electrometers, 
together with strong light sources. For the latter, 
the high-pressure mercury arc and the xenon lamp 
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have found wide application, while recently the 
tungsten-iodine lamp has provided a very easy 
and cheap source of light. In addition to d.c. 
measurements, techniques have been developed 
using pulsed and modulated light sources.) With 
appropriately tuned amplifiers, very high sensi- 
tivities can be obtained. 


PHENOMENOLOGICAL ASPECTS 
The earlier work on the photoconductivity of 
anthracene, which will be used as a model to 
illustrate the properties of organic photoconduc- 
tors, was mainly concerned with the behavior of 
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Fic. 1. — Spectral response of the surface 
photocurrent of anthracene. b-polarized 
absorption spectrum of crystalline anthracene. 


charge carriers after they had been produced by 
the light in the material. A distinction must be 
made between charges traveling across the surface 
or through the bulk of the material. The surface 
currents have a spectral response, which is 
practically identical with the absorption spectrum 
(Fig. 1). First, this was taken as a point of funda- 
mental interest, but Lyons" showed that it 
could be explained on one of two assumptions: 
(a) the mobility of charge carriers on the surface 
is much higher than of those in the bulk, or (b) the 
charge carriers are formed by excitons, which 
have to reach the surface first. In both cases, a 
high absorption coefficient will produce a high 
number of carriers participating in the transport 
of charge. It was shown later“) that the spectral 
response of the bulk currents was quite different. 
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Fic. 2. Sandwich cell: 
A—dguard ring. 
B—solid back electrode. 
C—transparent electrode. 
(After KOMMANDEUR and SCHNEIDER(2?),) 


For very pure crystals it could actually be exactly 
the opposite, i.e. at points of high absorption low 


currents were obtained, 2) 

The bulk currents—separated from the surface 
currents by guard rings (Fig. 2)—present the 
most interesting phenomenological problems. One 
of the most intriguing effects is what is commonly 
called in this field, the “‘rectifying effect.” If the 
positive electrode of a crystal is illuminated, the 
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Fic. 3. Differences between positive and negative bulk 

photocurrents in anthracene. Light of A > 4000A is 

weakly absorbed, while light of A <4000A is very 
strongly absorbed. 
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bulk current is substantially higher than when the 
negative electrode is illuminated. The dependence 
on the applied voltage is also different in those 
cases, as is the dependence on the light intensity. 
This is illustrated in Fig. 3. The positive current 
usually varies as the square root of the intensity, 
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Fic. 4. Charge and field distributions in the sandwich 
cell for the two directions of field. (After KOMMANDEUR 
and SCHNEIDER(!2),) 


the negative as some power closer to one. Also, as 
can be seen from Fig. 3, the spectral responses are 
quite different. Then, polarization effects are quite 
marked. KALLMANN"8) showed that the polariza- 
tion of a crystal by means of light and applied 
voltage will persist for many days if thereafter it is 
kept in the dark. Most of these phenomena were 
explained on three assumptions. “?) 

(a) When suitable energy is absorbed by the 
crystal, charge carriers are formed in, or close 
to, the region where this absorption takes 
place. 

(b) Carriers of either sign are discharged at the 
electrodes but are not freely replenished 
there. 
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(c) The positive charge carriers are more mobile. 

This then leads to a field and carrier distribution 
as shown in Fig. 4. With the illuminated electrode 
positive, the current is recombination limited. It 
varies as the square root of the intensity and high 
absorption leads to low currents. With the illumin- 
ated electrode negative, a space charge region with 
a dominance of positive carriers is created, marked 
polarization effects occur, the recombination be- 
comes more unimolecular, and the spectral re- 
sponse will be a complicated function of the absorp- 
tion coefficient. Since the slower negative carriers 
now travel in a region of low field, the negative 
current is substantially lower than the positive 
current, where the faster positive carriers are 
traveling through a field which has not been re- 
duced quite as much. It should be pointed out 
that a fairly small difference in mobility can thus 
lead to rather a large “‘rectifying effect”. Similar 
experiments with inhomogeneous illumination 
were reported by Zr1nszer“l4) for the surface cell. 
Illuminating mainly the positive electrode, he 
obtained higher currents than when illuminating 
the negative electrode. When no electrodes are 
attached to a crystal, a transient is observed upon 
illumination, which is highest with the applied 
field in the positive direction, if the positive 
charge carriers are more mobile. PuTsEIko“®) used 
this technique to determine the sign of the 
majority charge carriers. 

When homogeneous illumination is applied in 
either a surface or a bulk current experiment (in 
the latter case by using light which is weakly 
absorbed), the nonlinearities are not present. This 
is illustrated in Fig. 3 by the curves for light of 
wavelength 4358 A impinging on a sandwich cell. 
The literature contains many references to non- 
linear voltage dependences of the photocurrents, 
but from these experiments it seems that most of 
these nonlinearities must be related to inhomo- 
geneous illumination andsub sequently developing 
space charges. Murre.i"®) has given a careful 
algebraic analysis of the phenomena observed in 
the sandwich cell. St-veR and Moore?) devised 
a technique for the investigation of the space 
charge distribution in anthracene sandwich cells. 
They come to the conclusion that carries are, at 
least to some extent, injected at the illuminated 
electrode. 

Inhomogeneous illumination will also give rise 
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to a photovoltaic effect. In a sandwich cell arrange- 
ment as depicted in Fig. 2, strong illumination 
will give rise to a Dember photovoltaic effect) 
of up to one volt.49) The power conversion 
achieved, however, is extremely small in view of 
the high impedance over which the voltages are 


developed. 
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Fic. 5. The effect of damage on the spectral response of 
bulk photocurrents in anthracene. 
A—Very pure, carefully grown crystal. 
B—Commercial crystal. 
C—Crystal irradiated with neutrons for 20 sec. 
D—Crystal irradiated with neutrons for 90 sec. 


The sign refers to the polarity of the illuminated elec- 
trode. (After KOMMANDEUR and SCHNEIDER(22),) 


The magnitude of the photocurrent is aniso- 
tropic. Anthracene is a monoclinic crystal with the 
long axis of the molecules almost parallel to the 
c-axis.) It turns out that in this direction the 
currents are smaller by an order of magnitude 
than in the ab-plane where they are isotropic to 
within 10 per cent. 2) 

The bulk currents in anthracene are extremely 
sensitive to trapping. The dependence of these 
currents on wavelength, voltage, and light intensity 
can be changed completely by irradiating the 
crystals for a very short time (30 sec at a flux of 
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0-2 x 1018 cm~-? sec-!) with thermal neutrons. 22) 
Even bulk currents in crystals grown less carefully, 
and probably containing more defects and im- 
purities, have properties which are quite different 
from others which have been prepared with great 
care. Fig. 5 shows the change in the spectral re- 
sponse of the bulk photocurrent in going to pro- 
gressively more impure and defect-containing 
crystals. KOMMANDEUR and SCHNEIDER'22), and 
later BRYANT et al. 23), proved the existence of these 
traps by performing a series of experiments called 
the conductivity analogue of a thermoluminescent 
“‘glow”’ curve. Crystals are illuminated at low tem- 
peratures (77°K), the light is shut off, and they are 
then heated rapidly. At some temperature, the 
trapped carriers will be released and an anomalous 
increase in the dark current occurs. After all the 
traps are emptied, the dark current returns to its 
normal value. From the position of the current 
peak on the temperature scale, the depth of the 
traps can be inferred—for anthracene about 
0-8 eV. (23) 

The experiments discussed so far can be 
explained mainly on the basis of geometrical con- 
siderations, recombination, trapping, etc., but they 
yield little information on the basic process of 
creation of the carriers and the manner in which 
they move through the crystal lattice. The next 
section will be devoted to the information available 
on these subjects. 


THE MECHANISMS OF CREATION AND 


TRANSPORT OF CARRIERS 

The ultraviolet spectrum of crystalline anthra- 
cene is very much like the ultraviolet spectrum 
of the molecule in the vapor phase. Fig. 6 gives 
the spectra for vapor, solution, and solid, and it is 
clear that only small red shifts occur in going from 
the vapor via the solution to the solid. At least, the 
electronic spectrum of the crystal then is best dis- 
cussed in terms of discrete energy levels. These 
arise from the electronic structure of the separate 
molecule and its various vibrational modes, and 
they are only weakly perturbed by the environ- 
ment. A very adequate discussion of these spectra 
has been given by Wo xF"4), This situation is 
quite different from that in nonmolecular crystals 
where band-to-band transitions, or transitions re- 
lated to these, are the dominant phenomena. It is 
not certain, therefore, that a linear combination of, 


for example, the first excited states of the mole- 
cules will lead to a band of adequate width to allow 
appreciable conduction. There is, for instance, no 
simple relation between the energy of the threshold 
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Fic. 6. The change of the ultraviolet spectrum of anthra- 

cene for the transition from the vapor, via the solution, 

to the solid phase. The last two refer to low temperature 
measurements. (After WoLF‘4).) 
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for photoconduction and the activation energy for 
dark conductivity. Table 1 compares these numbers 
for a variety of substances, and it will be obvious 
that the activation energy for dark conductivity 


Table 1. Dark current activation energies and 
photoconduction threshold 








Compound Ref. | Eaark (eV) | Epn (eV) 
(a) (d) | | 

(b) (d) 

(b) (e) | 





Anthracene 
Tetracene 
Pyrene | (b) (d) 


} 
| 
Naphthalene | 


H 








(1954). 

(b) Norturop D. C., Proc. Phys. Soc. Lond. 74, 756 
(1959). 

(c) Norturop D. C. and Simpson O., Proc. Roy. Soc. 
234, 124 (1956). 

(d) KoMMANDEUR J., Korinek G. J. and SCHNEIDER 
W. G., Canad. J. Chem. 36, 607 (1958). 

(e) Bree A. and Lyons L. E., J. Chem. Phys. 22, 1630 
(1954), 
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Table 2. Dark current activation energy for anthracene 








Author Ref. 


Aggregate state 


Electrode 


Eaark (eV) 








NORTHROP (a) 


film 
powder 


NORTHROP (b) 
SCHIELER (c) 
METTE (d) 
RIEHL (e) film 
INOKUCHI (f) 


ELEY (g) powder 


single crystal 


single crystal 


single crystal 


0-98 transparent con- 
ducting glass 

lead 

“platinum paint’”’ 

mercury 

mercury 

aluminum 


platinum 


0-97 
1-07 
0-83 
0°75 
ae 
0-82 








(a) Norturop D. C., Proc. Phys. Soc. Lond. 74, 756 (1959). 
(b) Norturop D. C. and Simpson O., Proc. Roy. Soc. 234, 124 (1956). 
(c) SCHIELER L., ANDERSON H. R. and Nicuots P. L., Jr., California Institute of Technology Memo 


Report 20-162 on Contract DA-04-495. 


(d) Metre H. and Pick H., Z. Phys. 134, 566 (1953). 


(e) Rrenu N. V., Zh. Fiz. Kim. 9, 1537 (1955). 


(f ) Inoxucut H., Bull. Chem. Soc. Japan 29, 131 (1956). 
(g) ELey D. D., Parritt G. D., Perry M. J. and Taysum D. H., Trans. Faraday Soc. 49,79 (1953). 


is at least not directly related to what would nor- 
mally be called “‘half the band gap”. Actually, as 
should be clear from Table 2, there is no hard and 
fast number known for “‘half the band gap” in 
anthracene—the substance most carefully studied. 
No number, however, comes close to the 1-5 eV 
required by the threshold for photoconductivity 
at about 3-0 eV. 

A rather extensive search has been made to de- 
termine what states could possibly be involved in 
the conductivity. A likely candidate appears to be 
the ground triplet state, which lies below the first 
excited singlet state and has an energy somewhat 
close to double the dark current activation energy. 
Experiments on doped hydrocarbons by NortTH- 
RuP and Simpson) appeared to indicate this 
state. They found that at low temperatures the 
activation energy for conduction corresponded to 
the triplet state of the dopant, while at higher 
temperatures an energy not related to the triplet 
state, but characteristic of the host hydrocarbon, 
was found. In a study of the spectral response of 
other hydrocarbons than anthracene, KOMMAN- 
pEuR et al.'26) found that transitions just below the 
absorption edge were very efficient in promoting 
photoconductivity. Most spectral responses are 
plotted at equal incident energy, but if curves at 
equal absorbed energies are drawn, results as de- 
picted in Fig. 7 are obtained. The photocurrent 


shows a number of peaks in a region where the 
crystal hardly absorbs. They suggested that a 
charge-transfer state might be involved as it is, 
for instance, in the fluorescence of pyrene. 
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Photocurrent at equal absorbed energy i/I-I0 x10” 


Wavelength, A 
Fic. 7. The spectral response of the photocurrent in 
pyrene plotted at equal incident energy (A) and at equal 
absorbed energy (C). The absorption edge of the crystal 
is indicated by B. (After KOMMANDEUR et al.(26),) 
ROSENBERG"?”) did a similar study on anthracene 
and found some peaks in the region where one 
expects the triplet state to absorb. Fig. 8 gives his 
photoresponse for anthracene. All the experi- 
ments, however, seem to reduce to the fact that the 
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conductivity of the crystal will increase when it 
absorbs energy, and no final conclusion can be 
drawn about which state is indeed involved. 

In all materials studied the photocurrent de- 
pends exponentially on temperature according to 
the relation: 


iph = lopn eXp(—E/RT). 
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Fic. 8. The spectral response of the photocurrent in 
anthracene far below the absorption edge (4000 A). 
(After ROSENBERG(2”).) 


Table 3 gives an accumulation of the energies. 
ROSENBERG"??) has attempted to interpret these 
numbers in relation to the vibrational states of the 
molecules. He noticed that they all correspond to 
one or two vibrational quanta of some vibrational 
mode of the molecules. It should be noted, of 
course, that there are many such modes in a large 
molecule and the correspondence might be coinci- 
dental. ROSENBERG cites it as proof for the involve- 
ment of the triplet state in the conductivity, but 
that is an unwarranted speculation, since every 
state would have these vibrational modes super- 
imposed. 
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Table 3. The activation energy of the photocurrent®) 


Compound E (eV) 
0-18 
0-17 
0-35 
0-082 
0-14 
0-087 
0-078 
0-24 


anthracene 
B-methyl-anthracene 
pyrene 

stilbene 

terphenyl 

bipheny] 
naphthalene 

azulene 


The photosensitivity at room temperature decreases 
in the downward direction. 
(a) KOMMANDEUR J., KorineK G. J. and SCHNEIDER 
W. G., Canad. J. Chem. 35, 998 (1957). 


More recently evidence appears to be accumu- 
lating for the generation of charge carriers on the 
surface. KALLMANN and Pope'8) studied anthra- 
cene crystals with electrolyte contacts. When 
0-1N NaCl solution is used as electrolyte, the 
behavior of the anthracene is not much different 
from its behavior with metal electrodes. If, how- 
ever, iodine is dissolved in the electrolyte, the 
photocurrents are several orders of magnitude 
higher and the spectral response is extended con- 
siderably into the visible part of the spectrum. 

BororrKaA9) compared crystals with Cul elec- 
trodes with excess iodine to aluminum electrodes. 
He also finds a large increase in the photocon- 
ductivity with the iodine-containing electrode. 
These observations are in agreement with 
earlier results obtained by WADDINGTON 
SCHNEIDER 9°) who studied the effects of absorbed 
gases on the surface photoconductivity of anthra- 
cene. They found that electron accepting mole- 
cules, such as NOzg, Cle and to a lesser degree Og, 
alcohol, ether, etc., increased the photocurrents, 
while electron donating molecules, such as NHs, 
amines, etc., effected a decrease. All these phenom- 
ena point to the surface of the crystal as an im- 


and 


portant source of the carriers. 

In this context the experiments of CALVIN and 
KEARNS!) on the photoconductivity of phthalo- 
cyanine are of interest. They showed that they 
could increase the photoconductivity of phthalo- 
cyanine by a factor of 106 by subliming a layer of 
the electron acceptor chloranil onto the surface 
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of the phthalocyanine film. This photoconductivity 
was accompanied by a decrease in the spin 
resonance signal they found to be present in this 
lamellar cell. Later they also showed similar effects 
for other hydrocarbons, such as tetracene and 
perylene. “2? 

It took till 1960 before some quantitative work 
was reported on the photoconductivity of anthra- 
cene. Kepier’9) and later LEBLANc®®) measured 
the mobility of the charge carriers in anthracene. 


Conducting glass electrodes 


Silver point 
electrode - painted 
Ground crystal 


Light pulse 


ae iG 








| 
Voltage 
supply 


Fic. 9. Apparatus for measuring mobilities by a flash 
technique. (After KEpLer‘®).) 


The technique used is similar to a method em- 
ployed by Brown and Darr) for inorganic 
photoconductors. Using the apparatus sketched 
in Fig. 9 and pulsed light, KEPLER showed that 
in a ‘‘good’’ crystal he could generate a pulse of 
charge carriers at one electrode, which under the 
applied field migrates to the other. The resulting 
displacement current pulse can be measured on 
an oscilloscope. From this one obtains the transit 
time of the charge carriers and thus their mobility. 
KeEpLer found anisotropy in the mobility. In the 
cleavage (ab) plane the mobilities for holes and 
electrons were 1-3 and 2-0 cm? V-! sec~! respec- 
tively, while at right angles to this plane the 
mobilities were, respectively, 0-4 and 0-3 cm? V-! 
sec-!, This is in complete agreement with the pre- 
vious observations of the anisotropy in the photo- 
current by Mette and Pick"), but only partially 
with the general conclusions from the rectifying 
phenomena that the positive charge carriers are 
most mobile. KEPLeR also found a marked de- 
pendence of the current pulses on the types of 


crystals used. Only in the very purest and most 
perfect were the full transient pulses observed. 
From the shape of the spectral response for the 
generation of charge carriers, and from the 
marked effects that surface treatments had on the 
production of charge carriers, KEPLER was also 
forced to the conclusion that the main source of 
charge carriers is the surface. 

The temperature dependence of the mobility 
was a normal 7-1! dependence, and the exponential 
dependence of the photocurrent on temperature 
can, therefore, not be due to a thermally activated 
‘‘hopping”’ process. It must have its source in the 
generation of the carriers, and ROSENBERG’s?) 
suggestion of the involvement of a vibrational state 
becomes rather attractive. 

A very intriguing theoretical calculation on the 
band structure and transport properties of anthra- 
cene has been made by LEBLANC), His treatment 
differs from conventional band theory in that he 
uses a linear combination of ionic wave functions 
rather than a linear combination of wave functions 
for the ground and excited states. Therefore, he 
derives transport properties only for excess holes 
or electrons, in a “‘hole”’ or “‘electron band,”’ re- 
spectively. These bands are different from the 
conventional valence and conduction bands, since 
they do not give any information on transitions 
yielding an electron and a hole directly. From his 
calculations, using simple ionic Slater wave 
functions, LEBLANC obtains a bandwidth of 0-56 
kT and an anisotropy for the mobilities, which is 
roughly equal to that measured by KEPLER. From 
the absolute experimental values of the mobilities 
LEBLANC obtains scattering parameters, which 
indicate that an electron or a hole can travel at 
least a few lattice parameters before it is scattered, 
indicating that it still makes sense to talk in terms of 
band structure for the transport mechanism.) 
This theoretical treatment then does not yield any 
information on the band gap, or on the states, 
which should be combined to give an intrinsic 
valence and conduction band. It only deals with 
the excess electrons or holes which in some fashion 
enter into the crystal. 

Lyons?) has endeavored to estimate the band 
gap, or at least the energy required to obtain a 
separated electron and hole, by an essentially 
thermodynamical argument. With slight modifi- 
cations it can be reproduced as follows: 
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Consider a solid made up of molecules A and B 
(Fig. 10). 

1. Remove a molecule A to vacuum. Energy 
involved + S4. 

2. Remove a molecule B to vacuum. Energy 
involved + Sp. 

3. Ionize molecule A. Energy involved + J. 

4. Put electron on molecule B. Energy involved 
— Eq. 


+ 


2 


+ 
2) 
> 
' 
Ww 
> 


Vacuum 





Ak REE 


Solid AB 


ae 
Cy ------ 
Se’ 


! 
v 
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Fic. 10. Diagram for the calculation of the energy for 
charge separation. 


5. Put positive ion A+ back in the solid, but 
keep all the electrons in place. Energy involved 


—S4. 

6. Put negative ion B~ back in the solid, and 
keep all the electrons in place. Energy involved 
— Sz. 

7. Let electrons relax in 
Energy involved — P,. 

8. Let electrons relax in 
Energy involved — P. 

9. Let A+ and B- interact Coulombically. 
Energy involved —Q. 


and around A+. 


and around B-. 


When these energies are summed, the energy 
involved in creating a separated hole and electron 
is obtained: 

Eos, = 1-Ey—P,—P_-9. 
When A = B this holds for a pure molecular solid 
and 
E..s, = I—Eg—2P—Q. 


By estimating the various quantities involved, 
Lyons found for anthracene Fo, = 5:2 eV. 
Fox8), who considered next nearest neighbor 
interactions in the polarization energy, revised 
this number downward somewhat, but it has not 
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yielded a satisfactory value for the dark current 
activation energy of about 1-6eV. Of course, if 
the surface or impurities are the source of carriers, 
then it becomes considerably harder to make any 
calculations with this scheme. If carriers are in- 
jected by a metal electrode, then for positive hole 
injection Es, becomes: 


Eos, = [- W-P,,, 


where W is the work function of the metal. (Q is 
usually too small at these carrier concentrations to 
play a role.) This would explain Table 2 with the 
many different values obtained for the dark 
current activation energy. The numerous experi- 
menters used different electrodes! The effects of 
electron accepting molecules adsorbed on the 
surface, or used as electrodes (iodine!), can also be 
understood on this scheme. Since they all have 
high electron affinities (Eq), they will tend to de- 
crease Ee.5,, thus make more carriers available 
and increase the semi- or photoconductivity. The 
recently obtained high conductivities in organic 
materials consisting of donor-acceptor com- 
plexes‘: 41) also point in this direction. 

In summary, it can be stated that although many 
organic materials exhibit photoconductivity, even 
for the most carefully studied compound— 
anthracene—the mechanism by which the charge 
carriers are formed is not completely understood. 
All evidence seems to point in the direction of 
extrinsic photoconductivity with impurities, or 
the surface of the crystal as the main source of 
supply. 

The high impedances involved have so far 
precluded any technical use of organic photocon- 
ductors, but as the role of specific impurities is 
better understood, some applications not needing 
high mobilities may yet come about. Of further 
academic interest is the question whether photo- 
conductivity may be involved in some biological 
processes, such as vision or photosynthesis. Some 
authors 42) have tried to find some correlation, but 
so far without much success. 
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DISCUSSION 


MILTON GREEN: Has anyone ever detected a Hall 
voltage on organic materials? 

J. KoMMANDEUR: No. It would be extremely difficult 
to detect a Hall voltage because the purer crystals are 
essentially insulators. In semiconducting compounds 
of organics various attempts have been made, but no 
positive results have been reported. It would seem as if 
the extremely low mobility in addition to a possible 
lowering of the Hall effect due to a high degree of carrier 
localization would make the effect very hard to measure. 

A. Rose: While you put emphasis on the generation 
of free carriers at the surfaces, it seemed to me that your 
own data showed good evidence of volume generation of 
carriers. 

J. Kommanpeur: Bulk generation is only marked 
when weakly absorbed radiation is used. Then the 
photocurrents are considerably lower. One would 
immediately suspect impurities to be responsible in this 
case. Since the light now penetrates the whole crystal, 
all impurities can take part in the generation. 


G. K. GauL£: You mentioned that py is always greater 
than pn. Is this characteristic of all anthracenes and other 
organic crystals? 

J. KomMMaANDEvR: The literature mentions only one 
example of n-type conductivity in the case of an amonic 
dye. Dr. M. KLeINneRMAN from Louisiana State Uni- 
versity mentioned that phenazine also shows n-type 
conductivity. 

D. L. Dexter: Can you estimate the highest purity 
now obtainable in bulk anthracene? 

J. KoMMANDEUR: This is a hard question to answer 
since at present no criteria are available for assessing 
the purity of anthracene. KEPLER’s work was carried 
out on “very pure” crystals, containing less than 2 
p.p.m. of radioactively tagged materials. Experiments 
on the elimination of tetracene from anthracene (which 
is easily detectable to 1 p.p.m. because at that point the 
anthracene fluorescence returns and the tetracene 
fluorescence disappears) indicate that one chromato- 
graphy run eliminates this impurity to less than 1 p.p.m. 
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D. KAHN: (1) What is the specific resistivity of an 
anthracene crystal illuminated with 4025 A light? 

(2) Are the surface effects important because of 
absorbed impurities or are they caused by disarranged 
electron bonds due to surface forces? 

J. KomManpevr: (1) With an illumination of about 
100 »W/cm?2 of 4000 A light, the bulk conductivity of 
anthracene is about 10712 Q-1! cm7!. 

(2) Anthracene in the vapor phase has no disarranged 
bonds and it should therefore not have any on the 
surface of a crystal. It would take about 80 kcal to dis- 
arrange such a bond and since no obvious compensation 
for this energy is present, the broken bonds should 
probably be relegated to the realms of the imagination, 
at least in the case of organic solids. 

A. M. GoopMan: Do you have any measurements of 
the time constants associated with the photocurrents 
(i.e. rise and decay times)? 

J. KoMMANDEUvR: They are being measured at present 
and are quite fast. 

M. SILverR: (comment) Rise times are much faster than 
a psec. Decay times are slower and dependent upon 
trapping (surface and bulk). In the S.C.L. region, decay 
times are ~ 100 usec and in the non-S.C.L. region they 
are ~ 10 usec or less. 

G. ONEAL, Jr.: In anthracene crystals does increasing 
purity lead to lower dark currents and higher photo- 
currents? 
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J. KOMMANDEUR: Increasing purity does reduce dark 
current. Some impurity additives increase the photo- 
current considerably, but on the other hand, as im- 
purities and traps are eliminated, the steady-state photo- 
currents may be increased in some cases. It depends, as 
usual, on the impurities under consideration. 


R. K. Swank: What is the range of excitations in a 
typical case? 

J. Kommanpeur: 500-600 A as found from the inter- 
pretation of the photoresponse, 
impurity fluorescence and from experiments by NorTH- 
RUP and SIMPSON on the excitation transfer through thin 
layers of anthracene on to luminescing cadmium sulfide. 


from studies of the 


T. S. Moss: To study the bulk photoconductivity it 
would be advisable to mount electrodes close together 
in the middle of the crystal (if necessary growing the 
crystal around them) and then focus long wavelength 
light between the electrodes. 

J. KomMMANDEvR: Although this might preclude effects 
of ambient gases, it will not eliminate the most trouble- 
some impurity of all—the electrode. It looks, for instance 
as if recombination effects are much more pronounced 
at metallic electrodes than at electrolytic contacts. Also, 
the long wavelength light which will have to be used 
to obtain sufficient penetration will not allow studies of 
charges traveling through the dark bulk of the material 
which was the primary consideration for the use of the 


sandwich cell. 
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PHOTOCONDUCTIVITY AND THE EXTERNAL 
PHOTOELECTRIC EFFECT IN PbS*+ 


A. SMITH and D. DUTTON 


Institute of Optics, University of Rochester, Rochester, N.Y. 


Abstract—We have measured the yields for photoconductivity and external photoemission in the 
vacuum ultraviolet spectral region, 584-3000 A, using polycrystalline layers and natural crystals. 
The photoconductive yield in PbS layers rises approximately linearly with incident photon energy 
hv up to 7:5 eV; further extension of the measurement was thwarted by the magnitude of the external 
photocurrent. The rise in yield, as previously reported by us, is attributed to collision multiplication 
beginning at hv; = 2 eV. The observed photoelectric threshold for galena crystals was ~ 5 eV, and 
for layers ~ 6 eV. Both kinds of specimen exhibit very large external photoyields at high hv: 10-20 
per cent at hv = 14:5 eV. The energy distribution of emitted electrons was examined using retard- 
ing-potential methods. The high photoelectric thresholds imply that any electron with sufficient 
energy to escape would be subject to scattering due to collision multiplication, an effect expected 
normally to limit the attainable photoelectric yield. From the high ultimate yields that were ob- 
served, and from the changes in the energy distribution of the emerging electrons with increasing 
hv, we infer that scattering by collision multiplication, considered as a function of hv, is not a 
monotonically rising function, but has a maximum. The data suggest strongly that this occurs for 


incident photon energies of slightly more than 9 eV. 


TuHIs paper describes an exploratory investigation 
of photoconductivity and external photoemission of 
lead sulfide in the vacuum ultraviolet spectral 
region, in the range hv = 4-5-21:2 eV. We had 
previously reported") a rise in the relative quan- 
tum yield of photosensitive PbS layers, with in- 
creasing incident photon energy, beginning at 
hv = 2 eV and continuing monotonically to 6 eV, 
the limit of the measurements. (See Fig. 1.) This 
rise was attributed to the onset of collision multi- 
plication, as observed in other photoconductors by 
Koc®), Tauc®), Vavitov™) and others. The 
original aim of the present investigation was an 
attempt to extend such spectral response measure- 
ments in PbS layers to higher photon energies, in 
the expectation that such measurements might 
provide further information or insight about the 
collision multiplication process in this material. 


* Research supported by the Office of Scientific 
Research, U.S. Air Force, and by the National Aero- 
nautics and Space Administration, Goddard Space 
Flight Center. 

+ Based on the Ph.D. dissertation of ABBoTT SMITH, 
University of Rochester, 1961. 


EXPERIMENTAL METHODS 

The monochromator used is a normal-incidence 
instrument which employs a concave grating con- 
strained to move on a 40-cm Rowland circle. The 
grating is used in first order, and is blazed for 
1500 A. The light source is a high-voltage capillary 
discharge in hydrogen (or helium). The discharge 
gas enters the lamp continuously through a capil- 
lary leak and is exhausted by the main pumping 
system of the monochromator. There are no win- 
dows in the system, so the sample chamber con- 
tains hydrogen, at a pressure of from 1 to 10 yu. To 
eliminate overlapping orders, filters of fused silica 
or Vycor glass can be inserted before the exit slit; 
these permit an upper limit of about 7-5 eV and 
5-6 eV, respectively, in the transmitted radiation. 
The useful spectral range of the monochromator 
is from 4-5 to 14-5 eV, with one additional point 
at the He 584 A line, 21-2 eV. 

Attached after the exit slit is a brass chamber 
containing a probe reflectometer.©) (See Fig. 2.) 
The reflectometer probe consists of a bent Pyrex 
rod, coated with aluminum, with a polished face 
normal to the incident beam. This face is coated 
with sodium salicylate, applied by spraying with a 
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solution of sodium salicylate in alcohol. Light 
from the phosphor is conducted through the Pyrex 
rod to a photomultiplier located outside the vacuum 
system. The housing of the reflectometer served 
as the sample chamber for all measurements, and 
the probe was used as the primary monitor of the 
intensity of radiation on the sample. 


and 
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the monochromator vacuum. The thermocouple 
was introduced at frequent intervals in order to 
maintain an absolute calibration of the phosphor— 
probe-photomultiplier system. 

Outside the 7-14 eV spectral region, available 
beam intensities were too low to obtain accurate 
readings with the radiation thermocouple, and 
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Fic. 1. The relative quantum yield of photoconductivity 
for three chemically deposited PbS layers. The ordinate 
is interpreted as being proportional to the number of 
electron-hole pairs created per absorbed photon, and the 
absolute value of this number is approximately that given 
by the ordinate scale. (After SMiTH and DuTToN(),) 


Figure 2 shows the arrangement for reflectance 
measurements. For measurements of photocon- 
ductivity or photoemission, the samples were 
supported from a brass cylinder coaxial with the 
beam and entering the chamber through the 
“accessory port’’ shown in the Figure. This sample 
mount could be moved in toward the exit slit or 
back without breaking the vacuum. A compatible 
mount holding a radiation thermocouple could 
be introduced instead of the sample mount; the 
sample chamber could be sealed off from the 
monochromator by a compact ball-valve arrange- 
ment, so that the interchange of sample and 
thermocouple could be made without breaking 


the absolute radiometry depends on the assumption 
of a constant quantum yield for the sodium 
salicylate phosphor. “: 7) 

The electrode geometry and circuitry are illus- 
trated schematically in Fig. 3. For photocon- 
ductivity measurements, the beam was mechan- 
ically modulated at 15 c/s and the signal measured 
with a tuned amplifier system having an input 
noise threshold of 0-2 nV. In every case the prac- 
tical threshold of signal detection was limited by 
the noise of the photocell. For measurements of 
external currents, in most cases a vibrating-reed 
electrometer was used, and the current measured 
in the emitter circuit. 
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Fic.£2. The probe reflectometer, as used for reflectance 

measurements. For electrical measurements, the samples 

were mounted on a tube (not shown) which enters at 

the ‘‘accessory port” through an arrangement of O-ring 

seals which permits the sample to be moved towards the 
slit and back without breaking the vacuum. 
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Photoconductivity samples were chemically de- 
posited layers, 4mm square, with electrodes of 
evaporated gold. They were typical Kodak Ektron 
“Type N”’ detectors, except for the absence of a 


protective coating. Reflectance measurements 
were made on similar films on which, for con- 
venience, the electrodes were omitted. 

The absolute reflectance spectra for three such 
layers are shown in Fig. 4. The low values of re- 
flectance (1-7 per cent) are probably due to the 
three-dimensional structure of such coatings, 
which contain crystallites in various orientations, 
many of which have dimensions approaching the 
average thickness of the film. 


The determination of photoconductivity spectra 
proved extremely difficult. The photocells were 
not only unstable in the environment of the mono- 
chromator (this instability was chiefly evident as a 
drastic increase in resistance), but were also 
extremely sensitive to irradiation fatigue effects, 
for incident quantum energies greater than about 
6eV. Even the minimal exposure intensities 
necessary to detect internal photocurrents re- 
sulted in appreciable loss of sensitivity, and in- 
tense irradiation caused a drastic increase in the 
dark noise, almost total loss of sensitivity, a tem- 
porary drop in resistance (followed by a four- or 
five-fold increase on cessation of the irradiation), 
and an obvious discoloration of the specimen. 

Figure 5 shows typical results of a photocon- 
ductivity spectrum measurement. The uppermost 
curve in this figure was obtained on a previously 
unexposed cell (curve 1A). (The spectral depend- 
ence of the external yield on the same current 
scale is shown as curve 1B.) Curve 2 was obtained 
immediately afterwards, and shows an overall re- 
duction in the internal yield resulting from the 
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Fic. 3. Schematic illustration of electrode arrangements 

and circuitry. All metal parts near the beam were coated 

with polystyrene to prevent spurious photoemission 
effects. 
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relatively small exposure required for the previous 
runs. The internal yield after exposure to an esti- 
mated 3 x 1016 photons using the monochromator’s 
zero-order beam filtered by fused silica (hv 
limited to < 7-5 eV) is shown in curve 4, and after 
a comparable irradiation dose using the full zero- 
order beam (most of the radiation in the 1600 A 
and 1200A regions), the internal current could 
not be detected at all. 
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by Hamann’) in sodium salicylate phosphor 
coatings at the corresponding wavelength. 

In sum, the present attempt to extend photo- 
conductivity spectra in PbS has not yielded any 
new detailed information relevant to the collision 
multiplication process; the most apt description 
of the behavior, from these measurements, is that 
of a continued monotonic rise in the yield at least 


to hy = 75 eV. 
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Fic. 4. Reflectance spectrum for polycrystalline, chemically deposited 
PbS layers. Three samples are shown. 


All the photoconductivity data taken with 
minimal exposure show a continued increase in 
the yield, approximately linear with hy, out to 
7°5eV, beyond which external currents were so 
large that observation of internal currents was 
impossible. All the data apparent 
peak in the internal yield, near hy = 4-5 eV. 
This region had been covered in our earlier 
study, and measurements were made during the 
present study using a different apparatus, in air; 


show an 


in neither case was this structure observed. We 
believe it to be merely an artifact of the radio- 
metry. In all cases it is traceable to an anomalous 
dip in the incident-light spectrum, probably 
associated with a transmission window observed 


PHOTOEMISSION 

The spectral dependence of the external photo- 
electric yield, on an absolute scale, for three 
different PbS films, is shown in Fig. 6. The photo- 
electric threshold invariably shifted slightly to 
higher energies, after the first exposure of the 
specimen, after which the yield curve was stable 
and could be repeated several times without 
further change; it is the stabilized yield curve that 
is shown in Fig. 6. The yield curve was, some- 
what surprisingly, quite reproducible from sample 
to sample, for samples subjected to the same 
irradiation history. 

The significant point of these data is the ultimate 
high value of the external yield—15—-20 per cent 
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Fic. 5. Typical photoconductivity spectral data for a 
PbS layer. The resistance of the sample was changing 
throughout the measurements, so the response is reduced 
to electrons passing through the external circuit, per 
incident quantum, per unit electric field in the sample. 
Run 1-A was measured on a previously unexposed 
sample, and Run 2 immediately following Run 1-B, the 
latter being an observation of the total external photo- 
current. Run 2 illustrates the irradiation “fatigue” due 
only to the exposure received during monochromatic 
illumination while taking the data of 1A and 1B. Curve 
4 shows the marked reduction of sensitivity by exposure 
to the zero-order beam filtered by quartz (passing only 
photon energies hv < 7-5 eV). Curve 5 was obtained after 
irradiation by a comparable number of higher-energy 
photons (~ 3x 10!*) using the unfiltered zero-order 
beam. The peak at 4-5 eV is an artifact of the radiometry. 
The dashed curve is the plot of a linear function having 
the same slope as that observed in similar measurements 
(see Fig. 1) at the threshold for collision multiplication 
near 2 eV. 
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at hv = 14-5eV. (Assuming that the sensitivity with the electrode geometry used here such 
of the radiometric phosphor was still unchanged curves cannot be interpreted quantitatively in 
at 21-2 eV, the yield at 21:2 eV was of the same _ terms of the external electron energy distribution, 
order, 15-30 per cent.) we expect that any gross features of a dependence 

Retarding-potential measurements were made on hv would still be preserved. Fig. 7 shows re- 
for various incident photon energies. Although  tarding-potential curves for a layer specimen for 
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Fic. 6. External photoelectric yield data for three 

different PbS layers, plotted on the same absolute scale. 

Plotted here is the stable form of the yield curve, always 

obtained as the second repetition of the measurement 

procedure on a previously unexposed sample. Further 

repetitions of the measurement do not affect the yield 
curve. 
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Fic. 7. Reproduction of retarding-potential data obtained 

by an automatic curve-plotting method. The emitter is 

a PbS layer. Note the slight shift of the curves toward 

lower collector voltages, as the incident photon energy 
increases. 


incident photon energies ranging from 7-7 to  galena. The structure shown is significant, and 


9-25 eV. As the photon energy increases, there is a 
slight shift toward lower kinetic energies of the 
emerging electrons. As hy is increased above 
9:25 eV (see Fig. 8), the shift of the external- 
electron energy distribution reverses and moves 
toward higher energies, with an increasing fraction 
of higher energy electrons. The energy distribu- 
tions obtained by graphical differentiation of re- 
tarding-potential curves are given in Fig. 9. 

For comparison, similar data were taken using 
natural crystal specimens from Kansas, Wisconsin 
and Peru. The Peruvian galena crystals were 
markedly more perfect in crystal habit than the 
others and were especially easy to cleave, with 
almost mirror-like cleavage planes. Fig. 10 shows 
the reflectance of a cleaved surface of Peruvian 


could be seen in the Kansas and Wisconsin speci- 
mens, in somewhat poorer detail in the latter cases. 

It was possible to cleave the Peruvian crystals 
in the vacuum system, and the photoelectric yield 
data obtained on such surfaces for several speci- 
mens are shown in Fig. 11. (Crystals cleaved in 
air and placed immediately in the sample chamber 
displayed very nearly the same yield curves.) Data 
for Kansas and Wisconsin specimens were quite 
similar. 

Typical retarding-potential curves, using a 
crystal specimen, are shown in Fig. 12, and the 
(qualitative) electron energy distributions in Fig. 
13. The gross features of the dependence on inci- 
dent hy are the same as that observed for poly- 
crystalline samples, except that two reversals in the 
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Fic. 8. Retarding-potential data for the same emitter as in Fig. 7 for higher incident 
photon energies. Note that the curves now shift toward higher collector voltages 
with increasing hv. 
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Fic. 9. Plots of the derivatives of the curves in Figs. 7 and 8, showing qualitative 
energy distribution of emitted electrons (energy increasing toward the right). 
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trend of the external electron energy distribution 
are now apparent. 

The rather complex behavior has recently been 
studied more extensively by recording a great 
many retarding-potential curves using small in- 
crements in hv. The peak of the energy distribution 
curves first shifts slightly toward higher energies, 
in the range hv = 7-5-8-6eV; there is then a 
rapid shift toward lower energies, with a sharp 
“‘minimum”’ at hv = 9-13 eV, after which, as hv 
increases, the peak moves steadily toward higher 
energies; and the fraction of higher energy elec- 
trons also steadily increases. Fig. 14 shows the 
detailed dependence of the peak of the energy 
distribution curves on the incident photon energy. 


DISCUSSION 
If the electron affinity of a crystal (defined as 
the distance from the vacuum level to the bottom 
of the conduction band) is larger than the threshold 
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energy for collision multiplication, multiplication 
provides a dominant scattering mechanism for any 
electron which has enough internal kinetic energy 
to escape from the crystal; such a material, as 
pointed out by Tart et al.8), would be expected 
to have a low photoelectric yield since the escape 
depth of strongly scattered electrons would be 
very small. In the case of PbS, the observed photo- 
electric thresholds (~ 5 eV for crystal surfaces, 
~ 6eV for polycrystalline layers) are substantially 
larger than the band gap, 0-41 eV, and well above 
the apparent incident photon energy threshold 
for collision multiplication, which as inferred 
from the photoconductivity spectra occurs at 
hv = 2eV. The ultimate yield observed, at very 
large photon energies, is nevertheless quite large, 
comparable to that observed in materials of very 
small electron affinity. The emerging electrons 
excited by energetic quanta have a different energy 
distribution, a more marked high-energy ‘‘tail’’, 
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Fic. 10. Reflectance of cleaved surface of a crystal of Peruvian galena. Run No. 1 

was made on a surface freshly cleaved in air and placed immediately in the vacuum 

system. Run No. 3 was measured on the same surface after exposure to the zero-order 
beam for a total irradiation of the order of 10!8 photons/cm?. 
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than those excited at lower Av; this change in dis- 
tribution is quite marked for hv = 21 eV. 

The inference we wish to make, and the sig- 
nificant point of this paper, is that the cross- 
section for scattering of the excited electrons, as 
the incident photon energy increases, must pass 
through a maximum; and thus that the criteria 
which apply to materials which show a high 
external yield very near the photoelectric thresh- 
old 10) do not necessarily distinguish such 


and D. 


DUTTON 


materials (which are characterized by an electron 
affinity small compared to the band gap) entirely 
in terms of the ultimate photoelectric yield. Rather, 
if the multiplication scattering process becomes 
less effective upon excitation with light of very 
high hy—the interpretation for these observations 
in PbS proposed above—materials of high electron 
affinity might still show high yields, at large 
enough photon energies. 

It is difficult to infer the location of such a 
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Fic. 11. External photoelectric yields for three specimens of Peruvian 
galena, measured on surfaces cleaved while the crystal was in vacuum. 
The data for all specimens are plotted on the same absolute scale. 
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Fic. 12. Retarding-potential curves typical of those obtained using Peruvian galena specimens. 
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Fic. 13. Energy distribution curves obtained by graphical differentiation of the data of Fig. 12. 
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Fic. 14. Position of the peak of the energy-distribution curve as a function 
of incident photon energy hv. Ve is the collector potential, Vs = 2-0 V is 
the potential at which the current saturates. 


scattering ‘“‘maximum’’, in terms of incident 
photon energy, from the data presented here. The 
median energy of the emerging electrons is lowest 
for hv = 9-1—9-2 eV; the spread in energies of the 
emerging electrons is least at hy = 10-2 eV. One 
might infer that the collision scattering ‘‘maxi- 
mum’, considered as a function of incident photon 
energy, occurs at Ay = 9-1 eV. A slight inflection 
in the yield curves, in both films and crystals, 
occurs near 8-5-9 eV, where the increase in yield 
becomes slightly more rapid. However, variations 
of the optical absorption coefficient might also 
conceivably influence the energy distribution of 
the emerging electrons in such a way as to produce 
the curious anomaly illustrated in Fig. 14, and 
there is evidence for some structure in the absorp- 
tion spectrum in this region in the reflectance 
data of Fig. 10. 

More detailed knowledge of the absorption 
spectrum and a better understanding of the distri- 
bution in energy of the electrons excited by a given 
hv before escape from the crystal are needed to 
arrive at a more quantitative conclusion than the 
general trend we have outlined above. 
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DISCUSSION 


W. E. Spicer: Would you comment on the possibility 
of surface contamination affecting the photoemissive 
quantum yield curve? 

D. Dutton: The vacuum conditions in our system are 
certainly very far from ideal for determining truly in- 
trinsic properties of a clean surface, and we cannot tell 
whether the threshold data either for films or for crystals 
cleaved inside the system is affected by contamination. 
There are no indications of changes in the yield curves 
associated with the time (within a few minutes) after 
cleaving. There is, in the polycrystalline samples, a shift 
toward a higher threshold upon first exposure of the 
sample to mild radiation, no doubt due to a change of 
some sort in the surface condition. 

Y. MarFAING: Do you observe, in the curve of internal 
photoelectric effect, a second break corresponding to the 
onset of multiplication by holes? 

D. Dutton: No, there is no indication of a second 
threshold observable within the limits of accuracy of the 
photoconductivity data. The rate of rise in yield appears 
to be slightly less at the upper energy limit of the 
observations, hv = 7°5 eV. 

J. J. BropHy: Can you comment on the nature of 
fatigue effects? 

D. Dutton: Irradiation effects are immediately 
apparent as a drop in the photosensitivity, very likely 
associated with a decrease in time constant. Strong 


irradiation results in a drastic increase in noise, a re- 
duction in resistance and virtually complete loss of 
photoconductivity signal. 

J. ZEMEL: The fatigue effects noted here are not overly 
surprising. Heating to 125°C can radically and irrevers- 
ably change the properties of PbS photodetectors. We 
have assumed these to be due to changes in the structure 
of the oxide states responsible for photoconductivity. A 
hydrogen discharge producing hydrogen ions could 
certainly attack or alter these states. In addition, am- 
bients will affect the time constant and noise level of the 
cells. Hydrogen ions from the discharge will undoubt- 
edly change the surface potential radically leading to 
major changes in the photoconductivity and dark re- 
sistance. 

D. Duttron: The effect of hydrogen ions is quite 
apparent. The resistance begins to rise very rapidly 
when the discharge is turned on, even though the cell 
is shielded from the optical beam. 

D. W. Goopwin (comment): There is evidence in 
InSb at 77°K that fatigue effects are associated with 
transfer of carriers between the oxide surface layer and 
the bulk. This effect increases rapidly for wavelengths 
shorter than 0-5 », and has long time constants associ- 
ated with it. Equivalent effects may be even more 
important in layer photoconductors. 
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THE PRODUCTION OF PAIRS IN SEMICONDUCTORS 
BY LOW ENERGY ELECTRONS 


W. E. SPICER 


RCA Laboratories, Princeton, N.J. 


Abstract—The minimum electron energy necessary to produce a hole-electron pair has been 
measured in a number of materials by means of the velocity distribution of photoelectrons. For 
[Cs] Na2KSb, NazkSb, RbsSb, KsSb and Cs3Bi(Ag), this energy is between three and four times 
the band gap energy. Cs3Sb and Cs3Bi have thresholds of less than twice the band gap energy. A cor- 
relation between crystallographic order and the threshold for pair production is noted. 

The mean free path for pair production has been found to decrease from a few hundred angstroms 
for electrons with energies close to the threshold energy to about 15 A for electrons with energies 
one or two electron volts above the threshold energy. 


1. INTRODUCTION 
IN sTUDYING the velocity distribution of photo- 
electrons from CsgSb, APKER eft al.) in 1952 
found evidence for the production of hole—electron 
pairs by energetic electrons. Using the same 


techniques, Tart and PuiLipp’) have recently 
obtained additional data on this process. After 
1952, data were also obtained on pair pro- 
duction through the theoretical®) and experi- 
mental: 5) studies of avalanche breakdown and 
from the study of the quantum efficiency of the 
photoconductive and photovoltaic effects. From 
the avalanche breakdown work (principally in 
silicon), a threshold energy for pair production of 
about twice the band gap energy®) and a mean 
free path for pair production of about 15 A®) (for 
electrons with energies 0-5 eV above threshold) 
were inferred. The threshold is larger than the 
band gap because of the necessity to conserve 
k.3) From the photoconductivity work, the 
threshold for pair production was obtained in 
terms of the energy of the incident photons. 
There is usually an ambiguity in these threshold 
determinations because of the lack of knowledge 
of the division of a photon’s energy between the 
hole and electron which are excited by it.* Values 
of threshold varying between two and four times 





*In the case of germanium and silicon, it appears 
that this ambiguity is being lifted by the knowledge of 
the optical absorption process. 
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the band gap energy have been obtained by this 
method for Ge) (7), Si, InSb®, and PbS‘). 
DEXTER has shown that such values are reason- 
able. (9) 

It has been the purpose of this work to deter- 
mine the thresholds and the mean free paths for 
pair production in the alkali antimonide® and 
Cs3Bi"!) systems through the use of the velocity 
distribution of photoemission. This method has 
the advantage over those above mentioned in that 
the energy distributions of the electrons are ob- 
tained so that there is no ambiguity in the electron 
energy at the threshold of pair production. Know- 
ledge of the energy distribution of the photoelec- 
trons also allows the determination of the mean free 
path for pair production. Disadvantages of the 
method are that it can only be used for electrons 
and not for holes, and that it depends, in most 
cases, on the escape of the electrons from the 
material. 

It is our purpose in this paper to report prelimin- 
ary results of this investigation. Space limitations 
do not allow a complete description of the methods 
used and the results obtained. These will be re- 
ported fully when complete reports of this work 
are published. 


2. EXPERIMENTAL DETAILS 
The phototubes used to measure the velocity distri- 
butions were of the simple cylindrical type described 
by APKER and his co-workers.(:2) As Tarr and PHILipp 
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have pointed out,(2) these tubes give surprisingly good 
results despite their departure from ideal geometry. 
However, it is clear that more accurate data would be 
obtained from tubes with superior geometry. 

An a.c. method was used to obtain the velocity distri- 
bution curves. A small (0-05 V or less) 24 c/s voltage 
was superimposed on the retarding potential voltage and 
the retarding potential was varied at a rate of about 
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appearance of a group of low energy electrons.{ In 
the alkali-antimonide and CsgBi systems, the 
energy of these electrons seem to be independent 
of the exciting photons.§ It is important to know 
whether the pair production is due to electrons or 
to holes and whether or not the electrons involved 
in pair production escape. It appears that these 
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Fic. 1. Velocity distribution curves for [Cs] Na2KSb for photon energies near the threshold 

for pair production. The exciting photon energies are indicated on each curve by means 

of the arrows. The 4:0 eV curve does not have the slow peak characteristic of pair 
production, but it appears with excitation by 4-1 and 4-2 eV photons. 


1V/min. Thus a 24 c/s signal was generated which was 
proportional to the derivative of the retarding potential 
characteristic.* This signal was amplified, synchron- 
ously rectified, and placed on the vertical drive of an 
X-Y recorder whose horizontal deflection was propor- 
tional to the retarding potential. This method requires 
a much less stable light source and amplifier than the 
usual d.c. method.t 


3. RESULTS AND INTERPRETATIONS 


(A). Comments on interpretation of the data 
As was pointed out by APKER et al.) the 
onset of pair production can be detected by the 





* The capacitive component of the output signal was 
removed by a proper selection of phase. 

t The a.c. method was suggested by L. LepEr and is 
similar to a system developed for other purposes.(12) 


questions can be answered by examining the 
spectral distribution of the quantum yield from 
these materials. The quantum efficiency of most 
of the materials studied here reach a plateau for 
photon energies about 0-5 eV below the threshold 
for pair production and remains constant from 
this point to the limit of measurement (about 
5-7 eV). This behavior indicates that the observed 





t For convenience, this group of electrons will be 
termed the “‘slow group”’. 

§ An alternate explanation for the “slow group” 
would involve preferential optical absorption into states 
just above the vacuum level. Such an explanation seems 
to be ruled out by the fact that the “slow group” has 
a threshold energy below which it does not appear. 





THE PRODUCTION OF PAIRS IN SEMICONDUCTORS BY LOW ENERGY ELECTRONS 


pair production is due to electrons and not holes.* 
The constancy of the quantum yield also indicates 
that, on the average, one of the two electrons in- 
volved in pair production escapes. 


(B). Threshold for pair production 

The threshold for pair production is taken as the 
maximum electron energy at which the “‘slowgroup”’ 
of electrons is first observed (see Figs. 1 and 2).+ 
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which have a partially disordered lattice, CsgSb(16) 
and Cs3Bi"”), the threshold energies seem to ap- 
proach the band gap energy. This strongly supports 
and extends the suggestion of Tarr and Puripp (2) 
that the disorder in the CsgSb lattice may lead to a 
relaxation of the conditions on conservation of k. 
After the addition of a small quantity of silver to 
CsgBi to form CsgBi(Ag),“!) the threshold for 
pair production occurs at about four times the 


Table 1. Threshold for pair production. The threshold energy given is the electron energy measured 
from the bottom of the conduction band. 











Threshold for pair 


Material productionE7n (eV) 


Crystal structure 





KsSb <3-7 


hexagonal (ordered) 





RbsSb 3-0 


hexagonal (ordered) 





[Cs]NasKSb and 
NazKSb 





cubic (ordered) 





Cs3Sb 


| cubic (partially disordered) 





Cs3Bi 


cubic (partially disordered) 





Cs3Bi(Ag) 


| 2-9 


unmeasured 








* There is some uncertainty about the band gap of CssSb. See Ref. 10. 
+ This threshold value has been inferred from photo-emission data. See Ref. 11. 


The thresholds for pair production for a number 
of materials are given in Table 1. For the materials 
which have an ordered crystal structure,9) the 
threshold for pair production is approximately 
three times the band gap. This is in general agree- 
ment with theory®) () and with experimental 
results from other materials such as Si% 7), 
InSb), and PbS‘). However, for the materials 





* At 5-7 eV the “slow group” contains over 75 per 
cent of the emitted electrons. If the slow peak were due 
to pair production by holes, this should result in a rise 
in yield by a factor of about 3 between the threshold 
and 5-7 eV. 

t+ This threshold corresponds to a mean free path 
i(hv) [see equation (2)] of about 250 A or an integrated 
mean free path of about 750 A. Pair production with 
longer mean free paths could not be detected by this 
method. 


band gap energy. Thus, the effect of the silver 
seems to be to increase the crystallographic order. 
It is hoped that X-ray studies now under way will 
clear up this point. 


(C). Mean free path for pair production 

If one knows the threshold for pair production, 
it is possible to determine the number of electrons, 
N(E > Ern,hv), which had sufficient energy to 
produce a pair, but which escaped without doing 
so. Because of the characteristic shape and position 
of the ‘‘slow group”’, it is also possible to deter- 
mine the number of primary electrons producing 
pairs Ns(hv). Thus, the probability for an electron 





{ It is interesting to note that large changes can be 
induced in evaporated films of CdS by the addition of a 
small amount of Ag.(14) 
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with E > Exp escaping without producing a pair 
can be determined from the experimental data. 
This is given by: 

N(E > Exp, hv) 
P{E > Eqy, hv) = ———————_—_. 
N(E > Exp, hv)+ Ns(hv) 


Theoretically, the expression: 


P(E > Erxy, hy, x) = exp[—(x/l(hv)] (2) 


may be written for the probability of escape from a 
depth x without pair production. The quantity U(hyv) will 
be termed the mean free path for escape.* The prob- 
ability of a photon being absorbed at a depth x is given by: 


Palhv,x) dy = a(hv) exp [— a(hv)y] dx, (3) 


where «(hv) is the optical absorption coefficient. 
Taking the product of (2) and (3) and integrating from 


¢ zero to infinity the expression: 
a(hv) 


il Di en epee 
n( me *) x(hv) +[1/K(hv)] 


is obtained. From equations (1) and (4) one obtains: 


N(E > Erp, hv) 


~ ahv)Ne(hv) 


Typical results obtained from [Cs] Naz2KSb"?) 
are shown in curve 1 of Fig. 3.{ For values of 
(hv —hvo) of only a few tenths of a volt, U(hv) is 
about 100 A. It drops to less than about 20 A for 
(hv-hvo) above 0-8 eV. Within experimental error, 
the results from [Cs] Naz2KSb and NagKSb were 


* l(hv) is rigorously defined by the relation: 


2) 
a 


| exp [—x/I(E)] n(E, hv) dE 
Em 
exp [—y/I(hv)] = ———— 


x 


| n({E, hv) dE 
Ern 


n(E,hv) is the original energy distribution and /(£) is the 
mean free path for an electron of energy E. 

+ Values of «(hv) have been determined.(5) 

t These values are probably only accurate within a 
factor of 2. The values for hv—hvo > 0-4 eV should be 
more accurate than those for lower values of (hv—hvo). 
hvo is the photon energy at the threshold for pair 
production. 
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the same. Although RbgSb and CsgSb have not 
yet been studied as thoroughly as the NagKSb 
system, preliminary results indicate a mean free 
path of about 15 A for electrons with energies 
2-0 eV above the threshold energy. 


It is possible to transform the distribution from 
l(hv) to KE), i.e. to one dependent on the electron 
energy, by making certain approximations. The results 
of such a transformation are also given in Fig. 3. As 
should be expected, /(E) decreases much faster with in- 
creasing energy than J(hv). It reaches a value of 15 A at 
about 0-5 eV above threshold and within the accuracy 
of the measurement is constant to 2:0 eV above threshold. 

The mean free paths with which we have been dealing 
are defined by equation 2 and related to the distance 
traveled in a direction perpendicular to the surface. 
Although this is the quantity of most immediate interest 
in many problems, the mean free path defined in terms 
of the integrated path length traversed by the electron 
is perhaps of more fundamental interest. Rough estimate 
for these are 20 A and 750 A for electrons with energies 
in excess of the threshold energy of 0:5 eV and 0-1 eV 
respectively. 


4. CONCLUSIONS 

Thresholds for pair production of about three 
times the band gap have been found for NagKSb, 
[Cs] NagKSb, Rbg Sb, KgSb and CsgBi(Ag). This 
indicates that conservation of k is required in pair 
production. For CsgSb and CsgBi the threshold 
for pair production seems to be much closer to the 
band gap. This indicates that the requirement for 
conservation of k may be relaxed because of the 
partial disorder of the CsgSb and CsgBi lattices. 8) 
In [Cs] NagKSb and NagKSb the mean free path 
for pair production has been found to be about 
15 A for electrons with energies 0-5-2 V in excess 
of the threshold energy. This is in surprisingly 
good agreement with WotFr’s theoretical esti- 
mate) of 15 A for electrons with energies 0-5 eV 
above threshold. For the other materials studied 
preliminary results indicate a mean free path of 
about 15 A for electrons with energies 2-0 eV 
above threshold.§ 

Because of space limitations, we have not dis- 
cussed such interesting points as the conservation 
of k in the optical absorption process as opposed 
to its conservation in the pair production process, 





§ The quantum yield of about 0:1 electron/photon ob- 
tained for PbS) and metals‘2°) in the vacuum u.v., seem 
to suggest that the mean free path for pair production 
may increase as the electron energy is increased. 
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Fic. 2. Velocity distribution curves for [Cs]Na2zKSb for photon energies of 4-4, 4-9 
and 5-9 eV. The increase in the relative number of electrons involved in pair production 
can clearly be seen. 
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Fic. 3. The mean free paths for pair production as a 

function of the energy above the threshold energy. J(hv) 

is the mean free path for the electrons excited by a 

photon of energy hv with energy (hv—hvp) above thres- 

hold; U(£) is the mean free path in terms of electron 
energy. 
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the peculiarities in band structure which would 
result in the energy of the “‘slow group’”’ being 
independent of the energy of the electron produc- 
ing the hole-electron pair, and the effect of band 
bending on pair production. More detailed studies 
of the mean free path for pair production as a 
function of energy should be particularly fruitful 
for those materials where the condition on the con- 
servation of k seems to be relaxed. 
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DISCUSSION 


R. J. ZoLtwec: Can you comment on how the density 
of states variation in the valence band and conduction 
band and variation in transition probabilities effect your 
results. 

W. E. Spicer: It is the author’s belief that any varia- 
tions not accounted for by this treatment will not lead 
to serious errors. 


Z. SzePEsi: Does CdS show the external emission 
effect? 

W. E. Spicer: Yes, any material should show it if the 
photon energy is high enough. The threshold energy for 
CdS could be between 5-5 and 5 eV. 
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SOME TOPICS IN THE FLUCTUATIONS OF 
PHOTO-PROCESSES IN SOLIDS 


R. E. BURGESS 


Department of Physics, University of British Columbia, Vancouver, Canada 


Abstract—Photons and electrons in solids can undergo the stochastic processes of generation, 
absorption and multiplication. A general analysis of the steady-state mean value and variance due 
to these processes is applied to consideration of imperfect photon absorbers, and of photon and 
electron multipliers. The fluctuations of photon flux interacting with perturbed populations in a 
pair of electron levels are shown to be consistent with boson statistics at an effective temperature 
determined by the temperature of the input photons and the temperature of the level populations; 
the results are valid even if the latter temperature is negative and thus apply to amplifying as well 
as to attenuating systems. 

Fluctuations of carrier numbers in a non-stationary system are considered and the difficulties of 
formulating their spectral distribution are indicated. 

Carriers in a photoconductor produced by energetic photons have excess energy which is rapidly 
lost by phonon scattering or by further ionization and these hot carriers therefore introduce additional 


noise components. 


1, INTRODUCTION 

THE FLUCTUATIONS in population of electronic 
levels in a semiconductor exposed to radiation de- 
pends on the statistical formulation of the photon— 
electron and electron-electron interactions. The 
analytical methods for discussing these problems 
are largely already familiar in the theory of Markov 
processes in which the behaviour of a discrete 
variable (number of particles) in continuous time 
is governed by the transition probabilities to a 
neighbouring state. Such processes are known as 
birth-and-death processes in biological statistics. 
They are termed homogeneous when the transition 
probabilities depend on the particle numbers and 
not explicitly on time. However in some situations 
these probabilities are age-dependent in a manner 
which is non-Markovian (i.e. not exponential) e.g. 
the probability of ionization by an energetic carrier 
which is losing energy to the lattice.) 

Since the numbers of particles (electrons, 
photons) involved are usually large we are for- 
tunately not concerned with finding their proba- 
bility distribution functions since (except in the 
case of a critical state) these may be taken as 
Gaussian. Then only the mean values, the variances 
and the covariances are needed to specify the 
system statistically. 
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In certain special cases very near to thermal 
equilibrium tie fluctuations may also be calcu- 
lated thermodynamically. Then although tem- 
perature T is involved explicitly in the analysis 
the variances can nevertheless always be expressed 
in terms of mean values without reference to T. 

Previous work) on univariate systems has 
yielded simple results for the mean and variance 
of the number variable n in terms of the generation 
and recombination rates gy, and 7, which are 
functions of n but not of time. The relaxation time 
and the spectral density of the number fluctuations 
are also easily found. 

For the special circumstances in which g, and 
Yn are equal and have equal derivatives at the same 
value of n the case of a “‘critical state” arises and 
the distribution function is no longer Gaussian. 
The fluctuations are then relatively large and can 
be interpreted as a macroscopic instability of the 
system. 

In the present paper some extensions of pre- 
vious work are made. Consideration is given to 
processes in which multiplication and absorption 
of particles play an important part and the results 
are applied to both photons and electrons. The 
fluctuations of the output variable always contain 
parts attributable to the input fluctuations and to 





3 


the fluctuations of the transformation (multiplica- 
tion or absorption). An invariant property of the 
latter part of the fluctuations is found. 

Non-stationary systems are of interest in photon 
detectors which use pumping (or a strong electric 
field) to establish an inversion of population and a 
negative temperature between certain levels since 
it is common to make the operating phase follow 
the pumping phase after a lapse permitting rapid 
downward transitions to be completed. Then 
during the operating phase the system relaxes 
back to equilibrium and is not in a steady state. 
The fluctuations of the state of the system during 
this period require a different approach from that 
developed for the steady-state g-r theorem and 
some results are given for the case of linear 
kinetics. 

In processes involving photon absorption in a 
semiconductor the possibility of producing ener- 
getic carriers always arises whether from an ioniza- 
tion process‘) (where hv > €j) or by free carrier 
absorption?) (when hy > kT).The creation of such 
energetic carriers and their subsequent thermaliza- 
tion are statistical processes which contribute to 
the observable fluctuations in the semiconductor. 
We give some consideration to these effects and 
note that the fluctuations of the energy of free 


carriers may be significant. 


2. MULTIPLICATION AND ABSORPTION 
PROCESSES 
2.1. General 
There are several instances of phenomena in a 
“input” particles are trans- 


system in which the 
’“output’’ par- 


formed into a different number of 
ticles by some statistical process. For instance the 
input may consist of photons and the output of 


photoelectrons with a certain probability that an 
electron will emerge when a photon is incident. 


The process of impact ionization in a semicon- 
ductor by energetic carriers is another example in 
which there is a set of probabilities that a carrier 
will give rise to 0, 1, 2, . . . ionizing collisions. 

Some general results can be simply derived as 
follows. Let x input particles arrive in a time ¢ and 
let y be the number of output particles. Then 

x 
y=>m, 


a 
i=1 
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where m; is the multiplication ratio for the ith 
input particle. Then for a stationary system with 
the outcome of the events statistically independent 


(2.2) 


(2.3) 
The two terms in the variance of output number 
are due respectively to fluctuations in m and to 
those in x. If the input process x is Poisson 


var y = <x» var m+ <m)? var x. 


vary = <y> <m?>/<m). 


2.2. Examples 

(i). Photoelectric emission. If p is the probability 
of a photoelectron being emitted when a photon 
=p and var m= 


is absorbed: <m> = <m? 


p(1—p), whence 
var y = p(1—p) <*)>+>p?var x 
= <y>(1-p+p var x/ <x). (2.5) 
If the incident photons hv are derived from ther- 
mal radiation at temperature 7' then var x/<x> = 
1+5 where d is the boson factor 


1 


b= — - —., 
exp (hv/kT)—1 


(2.6) 
whence 
= 1+ pb. (2.7) 
The shot noise of a vacuum photo-diode would be 
greater than the standard value 2e/ by this factor. 
The photoelectron statistics are Poisson if p 
or kT/hyv is sufficiently small. On the other hand 
for high radiation temperatures or low energy 
photons 


var y/<y) 


var y ~ p*b<x> (2.8) 


and the fluctuations are greatly in excess of the 
Poisson value. 

(ii). Imperfect photon absorber. 'The energy 
fluctuations of an imperfect absorber coupled to 
its environment by radiation can be calculated in 
the same way. If » is the emissivity of the body for 
photons of frequency v then in a thermal radiation 
field of temperature 7 the number of incident 
photons in unit time in the interval v to v+dv has 
the mean value: 


<x) = 2n7Abv*c-?+ dv 


and we identify the parameter p of the previous 
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section with 7. Thus the variance of the number 
of photons absorbed in unit time is 


var aj = 27 Abv?n(1 + bn)c~* «dv. (2.9) 


It might be thought that the variance of the num- 
ber of photons emitted by the body per unit time 
would have the same value but this is not the case. 
Certainly for equilibrium the mean numbers of 
absorbed and emitted photons are equal but their 
variances will differ; the principle of detailed 
balance requires that the reflected r; and emitted 
eé; photons must recreate in both the mean and the 
variance the values expected for black-body radia- 
tion outside the body. 
This leads to 


\ 


{a> = <a> = 01) 
var é¢) = <x, >y[1+)(2—7y)] 
var a, + var ey = 47Abv?n(1+b)c-?-dv. 
From these results it is found using Campbell’s 
Theorem that the total energy fluctuations due to 
photon absorption and emission are 


(2.10) 


© 


var E = 2mnh?Arc- | v4b(1+b)n-dv, 


(2.11) 
0 

where 7 is the thermal relaxation time of the body 

given by the ratio of the differential heat capacity 

(K = d<E)/dT) to the radiation conductance G. 

Now 


eo 


G = 2nhAc | (db/dT)-dv. (2.12) 


db/dT = hvb(1+6)/kT?, 

var E = kT? K, 
exactly as required, independently of the tempera- 
ture and frequency dependence of the emissivity. 
Similarly the spectral density of the fluctuations of 
radiative power flow to and from the body is 

Sp(f) = 4kT?G (2.14) 
and the spectral density of the fluctuations of 
energy is 


(2.13) 


K2S,(f)  4kT?G 
Sx(f) = — -—_— 


(2.15) 


which integrates to give (2.13). 
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(iti). Imperfect transmission. When radiation passes 
through a medium with transmission of less than 
unity, the fluctuations of photon flux are modified. 
If for photons of frequency v the transmission is p 
then the variance of the number of transmitted 
photons in a given time interval is 


var nm = p* var m+ <m>p(1—p), 


where m is the number of incident photons. If the 
radiation temperature is T' then 

varn = <n>(1+ pb), 
where 6 is the boson factor. The fluctuations are 
thus the more nearly Poisson in character the 
smaller the transmission. 

When these results are applied to a filter the 
total radiation emerging also contains the com- 
ponent radiated by the filter itself. If the filter and 
incident radiation are at the same temperature the 
sum of the transmitted and emitted fluxes must 
reconstruct both the mean and variance of the inci- 
dent flux. However, for different temperatures no 
general result is possible since Kirchhoff’s Law is 
no longer applicable. 

A non-reciprocal filter (e.g. using the Faraday 
effect in a magnetically active medium) can be 
used in conjuntion with polarizers to provide one- 
way transmission. It might be thought that two 
bodies in radiative contact through such a filter 
would violate the second law of thermodynamics. 
However all such filters are essentially lossy and it 
may readily be shown that if the bodies and the 
filter are at the same temperature, the photon 
fluxes in the two directions exactly balance by 
virtue of the absorption and emission by the filter 
exactly compensating for the asymmetry of trans- 
mission of the radiation from the two bodies. 

(iv). Cascade multiplication. A number of 
possible multiplication processes can occur in a 
photoconductor: e.g. photocarriers either under 
the influence of a strong electrical field or by virtue 
of the excess energy derived from an energetic 
photon may create further free carriers by impact 
ionization. We can also consider photon multiplica- 
tion processes such as occur when radiation is 
transmitted through a medium having a negative 
temperature suitably spaced energy 
levels. 

Let the multiplication process be regarded as 
taking place in a sequence of N stages where m is 


between 
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the multiplication of each stage. By iteration of 
(2.2) and (2.3) for an input of x particles to the 
first stage, the output y from the Nth stage has a 
mean value: 


y> = <*> (mm) = Mo), 


where M, = <m)N is the average overall multipli- 
cation. 


The variance of the output is 
M,(Mo-—1) 
<m> (<m>—1) 


var m+ <x». 
(2.16) 


Now if the input x is Poisson and the overall 
multiplication M, is large compared with unity, 


vary ~ M2 ¢x>[1+varm/<m)(<m)—1)]. (2.17) 


Thus the ratio var m/[<m> (<m)}-—1)] deter- 
mines whether the fluctuations of the input or of 
the multiplication process govern the output 
fluctuations. 

These results may now be generalized by going 
to the continuous case in which the N stages are 
regarded as N steps of length Az along the path of 
the particles with z = N-Az as the overall path 
length. Furthermore we may consider that particles 
disappear as well as multiply such that in Az the 
probability of a particle creating a secondary is 
A.-Azand the probability of disappearance is B- Az 
while the probability of spontaneous creation is 
C-Az. The fluctuations of output are found from 
the differential-difference equation for this Markov 
process : 


dP, /dz = [C+(n—1)A]Pnp+—[C+n(A+B)Pn 
+(n-+1)BPyss. 


Hence if (0) particles are the input at z = 0, 





vary = M2 varx+ 


. A+B 
var n(z) = M? var n(0)+ <n(0) re Mo(Mo —1) 


C(M,—1)(AM,—B) 
(A—BY 


where M, = exp(A—B)z is the macroscopic 
multiplication per particle. The three terms in the 
variance are due respectively to: (i) the variance 


(2.18) 





R. E. BURGESS 


of the input, (ii) the variance of the multiplication 
and (iii) the fluctuations of the spontaneous 
emission. 

The multiplication fluctuation has a property 
that the quantity 


var M A+B 
M(M,—1) A-—B 


independently of z. 

The validity of this relation for an infinitesimal 
path Az is readily seen since the response to a single 
input particle has mean value 1+(A—B)Az and 
variance (A + B)Az. 

These results can be applied to the transmission 
of photons through a medium with appropriately 
spaced levels exhibiting stimulated emission (A), 
absorption (B) and spontaneous emission (C). If 
energy levels 1 and 2 in a crystal have occupation 
numbers m, and ng and separation £ then in ther- 
mal equilibrium with the lattice temperature Ty, 
the ratio n{/n? = exp E/kT,. If the populations 
are disturbed, e.g. by some ionizing agency or by 
a pumping field, the ratio will be disturbed but 
may be used to define an effective temperature T 
between the levels: 


m/ng = exp E/kT 


If now photons of energy E = hy traverse the 
crystal in the z-direction and their flux at z is 4(z) 
then 





= const. 


dd/dz = n{K+4L)—md4L, 


where the three terms correspond to spontaneous 
and stimulated emission and to absorption of the 
photons. Thus for comparison with the previous 
notation: A = mel, B = nLand C = mK, giving 


<$(z) > = Mo[<d(0) >—Kb/L] + Kb/L, 


where 5 = e/(mj—n2) is the boson factor 


(exp E/kT—1)-+. 
The fluctuations in the photon flux at z are: 


var 6()= M2 var ¢(0)— <$(0)>(1+26)Mo(M,—1) 
+(K/L)b(M,—1)[b(M,—1)—1]. (2.19) 
Despite appearances, the second and third 
terms are always non-negative whether the tem- 
perature T between the levels is positive or nega- 
tive: 
if T > 0, m1 > ne, Mo < 1,6 > 0 (attenuation) 
T < 0, 1 < nz, Mo > 1,6 < —1 (amplification). 
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If the system is in equilibrium with the input 


photon flux, then <¢(z)> = <4(0)> and var 
¢(z) = var $(0) for all z, and hence for any Mp. 
This requires 


<¢> = Kb/L and var ¢ = Kb(1+d)/L 
= <$>(1+4) 


in conformity with the boson fluctuation property 
associated with the kinetics of absorption and 
stimulated emission. It should be noted that the 
consistency of the relations for the variance re- 
quires the inclusion of the gain fluctuation (second 
term) as well as the additive noise due to spon- 
taneous emission (last term). 

The general situation occurs when the source 
is at a temperature 7; different from that of the 
system 7; the mean flux of emergent photons is 


<(2)> = (K/L) [(bs—5)Mo +6] = (K/L)be, 


where 6, is the boson factor for 7s, and b, is the 
effective factor for the mean output flux. Now the 
important point is that the variances of the output 
flux is also given exactly by the boson fluctuations 
using the same factor b,: 


var $(z) = K/L[M?b,(1+6s) 
—bs(1+2b)M,(M,—1)+5(M,—1)(6bM,—5—1)] 
= (K/L)b(1+). (2.20) 
From the point of view of an observer at the 


output the emergent photons have a variance and 
mean consistent with a temperature 


T, = hv]k \n(1+1/be). 


If now hyv/k is small compared with all the tem- 
peratures involved 


T. = (Ts- T)Mo+ 7; 
whence the effective noise temperature 7; defined 
by T, = M,(Ts+ Tn) is given by: 
Tn = —T(1-—1/M,). (2.21) 
3. NON-STATIONARY SYSTEMS 


3.1. Fluctuations in relaxing systems 

In previous discussions of fluctuations of numbers 
due to competing stochastic processes (e.g. genera- 
tion and recombination) we have dealt with the 


steady state in which time and ensemble averages 
are identical. 

More recently there has arisen interest in non- 
stationary systems such as those involving negative 
temperatures or pumped systems to obtain electron 
distributions strongly disturbed from thermal 
equilibrium.) Commonly such systems operate 
on a time-division basis such that the time interval 
for useful operation follows the pumping or 
excitation phase after a sufficient pause to permit 
any rapid and undesirable transitions to be com- 
pleted. 

Take for simplicity a univariate system with a 
single number variable n governed by the rate 
equation: 


dn 
dt 


En—'n 


and consider the fluctuations in m when the system 
is relaxing to the steady state from some initial 


value n(0). 

In view of the need to take into account initial 
conditions in computing the moments under non- 
stationary conditions, the analysis is more elaborate 
than for the steady state. Starting from the 
stochastic equation 

OPn 


“Ot &n-1P n-1 - (2n + Yn)Pn +7n+1PH+1; 


it is found that 
d<n> 
ia <gn>— <'n> 
3 


d<n?> 


a = <(2n+ 1)gn »- <(2n—1)7n>, 
whence 


Ovarn 
OF = <gn>+ <tn>+2[<ngn> 


— <n») <gn>— <ntn>+ (n> In>)- 


These results which give the rate of change of the 
moments can be considered to apply to the situa- 
tion where an ensemble of systems all start with 
n = n(0) at t = 0 and whose subsequent evolution 
is observed. 


(3.1) 
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If we now assume that at any given ¢ the Py, over 
the ensemble is a sharp function peaked at m we 
may write to a good approximation: 


d 
> var nm = o(<n>)+7(<n>)+2[g'(<n>) 
at 


—r'(<n>)] var n. (3.2) 

The mean and variance for linear kinetics are 
analogous in form to those derived earlier for 
spatially varying systems. We put g = (C+ An) 
and r = Bn with (B—A) =a > 0. If n = n(0) 
at £ = 0), 


<n(t)> = [<n(0)>—C/(B—.A)] e-**+C/(B—A) 


C 1 B+A 
+ | <m(0) -=| ——eat 
B-—A} B-A 


nn eee 7 
+ | var n(0)— <n Se fs ager 2 (BAe 
| )— <0), B-—A re 


(3.3) 
For small values of ¢ the variance increases as 


var n(t)—var n(0) 


= [C+ <n(0))(A+B)—2a var n(0)]t, (3.4) 


which is of a diffusional character. 

If an “‘aged”’ system is considered which at ¢ has 
come to a given <n(t)>, we can eliminate the 
initial conditions by taking (B—A)t > 1 and re- 
writing the variance as 


B+A 
var n(t) = —— <n(t 
B-—A 
which does not contain (0) or var 7 (0) and involves 
t only implicitly through <n(t)>. 

There are difficulties in attempting to formulate 
the autocorrelation or spectral density of the 
fluctuations in a non-stationary system. The re- 
laxation rate of the system is also the characteristic 
frequency involved in the spectrum and a “‘local” 
spectrum over any short interval of time cannot 
be considered to extend to low frequencies. 
Correspondingly, the autocorrelation function of 
n(t) depends on the two moments of time con- 
sidered and not only on their separation. 
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In considering the fluctuation spectrum in a 
non-stationary system it is therefore essential to 
formulate a precise observational procedure such 
as the passage of n(t) through a linear filter of 
specified frequency response. Even in this situation 
not all ambiguity is removed since a realizable 
filter will have a finite delay and hence the spectral 
data it provides refer to the fluctuations in the 
system at some earlier time. 

An attempt to derive an instantaneous power 
spectrum of n(t) in the manner discussed by 
TURNER®) has not been satisfactory. The question 
of the noise of a negative temperature system re- 
laxing back to equilibrium is therefore not yet 
resolved. 


3.2. Energetic carriers and thermalization 

Energetic or “‘hot’’ carriers may be created in a 
semiconductor by irradiation with photons or 
particles having energy appreciably in excess of 
the ionization process involved or by the applica- 
cation of a sufficiently strong electric field. 

The energetic photocarrier will thermalize to 
equilibrium with the lattice and the carriers 
heated by a field will do the same when the field is 
removed. In assessing the fluctuations in systems 
involving hot carriers it is necessary to know the 
rate of thermalization. If scattering is by acoustic 
phonons and the mean free path and effective mass 
of the carriers are assumed to be constant, then for 
an initial energy greatly in excess of the final 
energy it is the latter which determines the decay 
time. For decay to thermal energies we find to a 
good approximation 


ty ~ Dp/S?, (3.6) 
where D, is the diffusivity of the thermal carriers 
and S the speed of sound. For typical cases fy lies 
in the range 10-11-10-8 sec. 

Here it was assumed that optical phonon scatter- 
ing and inelastic collisions are unimportant. Also 
the assumed constancy of m* may not be reasonable 
even when the excess energy is as small as 0-2 eV. 
Thus the result should be taken as a rough esti- 
mate and probably as an upper bound to the re- 
laxation time. If the carrier initially was sufficiently 
energetic to lose energy to the optical modes, this 
part of the loss mechanism would be relatively so 
rapid as to increase the thermalization time only 
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slightly above the value estimated for acoustical 
modes. 

The Johnson noise due to the photocarriers can 
be expressed in terms of an effective temperature 
derived from the average energy during the life- 
time 7; if the initial carrier temperature was T, 


Tot, = Tr+(tolt)(ToT1)"”. (3.7) 


Thus if 7, =4°K and T= 900°K while 
ty, = 10-9 sec and r = 10~* sec, the effective eleva- 
tion of temperature during the lifetime is only 
0-6°K. In typical circumstances therefore the 
Johnson noise of hot photocarriers would be 
negligible. 


3.3. Photo-mobility 

When a semiconductor is 
photons of energy too small to cause ionization 
they may nevertheless produce transitions of free 
carriers. ROLLIN) has shown that this gives rise 
to a type of photoconductivity in which the carrier 
density is unchanged but the absorption of photons 
modifies the energy distribution and thereby 
changes the carrier mobility, especially at low 
temperatures. 

The fundamental sources of noise associated 
with this effect are enhanced Johnson noise, as dis- 
cussed in the previous section, and the mobility 
fluctuations due to the greater energy variance of 
the carriers which are subjected to gain of energy 
from the photons and subsequent loss to phonons. 

If the band is non-degenerate and scattering is 
by acoustic phonons and the photon energy hv 


illuminated by 
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large compared with kT, the stimulated emission 
will be negligible compared with absorption. If a 
given carrier has probability p per unit time of 
absorbing a photon the mean carrier energy is in- 
creased by 


AE = hvpt, 


over the thermal value 3R7,,/2. The variance of the 
carrier energy is increased by approximately 


var E = d(hv)*pt, 


over the thermal value of 3277/2. 

If for instance 77, = 2°K and hv = 4x 10-8 eV 
with tg = 10-8sec and p = 10°sec! then the 
power absorbed per carrier is 6x 10-17 W. The 
mean carrier energy is increased by 1-6 per cent 
whereas the energy variance is increased by 18 per 
cent and is therefore a significant contributor to 
the noise of this photoconductive process. 
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A UNIFIED STATISTICAL APPROACH TO 
RECOMBINATION-—GENERATION NOISE IN 
SEMICONDUCTORS 


P. T. LANDSBERG and D. A. EVANS 
Department of Applied Mathematics, University College, Cathays Park, Cardiff, Wales 


Abstract—This paper outlines a unified discussion of equilibrium recombination-generation noise 
in semiconductors. It extends existing results in order to cover situations where certain types of 
Auger (electron collision) processes, as well as one-electron transitions, contribute to the noise. In 
order to achieve this, irreversible thermodynamics is used. The kinetic equations are written in a form 
involving generalized resistance and capacitance matrices. An admittance matrix and a lifetime 
matrix are also introduced. Results from semiconductor statistics are applied to evaluate these 
matrices in terms of the equilibrium electron numbers in, and equilibrium transition rates between, 
the various groups of states (bands and localized levels). The spectral densities and variances of the 
fluctuating electron numbers are related to the admittance matrix, and so finally to the equilibrium 
numbers and the transition rates, by means of the fluctuation—dissipation theorem. The spectral 
densities are in all cases superpositions of familiar terms of the form Ax/(1+w?7Z), and the paper 
outlines a general method of obtaining the coefficients Ax and the transient lifetimes rr. 


INTRODUCTION For the simplest case of a non-degenerate 


THE ELECTRONS in a semiconductor fall naturally semiconductor without traps the results are well 


into a number of groups (conduction and valence known and given by: 
bands, trapped electrons) each group being 
assumed to have a quasi-Fermi level. If «1,«2 Cheha 
are the excess electron numbers in two such groups No+Po ; ° totPo 
in fluctuations from an equilibrium state, one is and % 
interested in the mean value and the spectral 2 
density of the product «a2. These are related by oe =| G(w) dow 

47 


4noPo NoPo 
ms | © e T . = 


1 1.8) 
<a1t2) = nr | Go) dw. (1) Here o,pg are equilibrium electron and hole 
0 numbers, and p,’, is the equilibrium recombination 
; rate. In obtaining such results, one uses the mass- 
To find the spectral density Gjo(w), one may ‘ ; nth ‘ ; 
. rien? ’ action laws appropriate to one-electron generation 
appeal to the fluctuation—-dissipation theorem. li? . : 
a? “er os and recombination processes. In the simplest 
This is a generalization of the Nyquist relation, ws 
ee case these refer to transitions of a single electron 
and is given by . : 
across the forbidden gap. 
4kT The question arises as to the extent to which the 
Gi2(w) = ——Re{ Yio(w)}. (2) standard results of the theory remain valid in the 
sf presence of two-electron processes, sucii as 
Yj2(w) is an admittance. The problem is therefore electron-electron collisions. The change in the 
to express the admittance matrix Y in terms of mass-action laws from being quadratic in the 
concentrations, to a cubic form, means that a great 
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more familiar quantities. 
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deal of current theoretical work, including the 
basic papers by Burcess and vAN VLter“-?) and 
collaborators, cannot be used unamended. Many 
additional which involve 
ought to be considered. Thus if one confines one- 
self to processes in which no traps participate, 
there are three basic types, illustrated in the 
Figure, of which two involve electron-electron 
collisions. If a single set of traps participate in the 
typical recombination transition, one has a further 


processes collisions 












































1-12. Main covered by the theory 


described in this paper. 


pre »cesses 


occur, six of which are of the collision-type. Only 
three of these are shown as they are likely to be 
most important. To cover these sixteen types of 
transition it is desirable to get away from mass- 
action laws, and to proceed in a more general 
manner. 

A paper by VAN V ter") was found most 
suitable for this purpose. Its generalization proved 
possible by extending his use of irreversible 
thermodynamics. A uniform theory resulted which 
assumes as given: the equilibrium electron or hole 
numbers in the various groups of levels which are 
of interest (bands, or sets of traps) and the equili- 
brium transition rates between these groups. 
Expressions can then be given in terms of these 
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quantities for the spectra G;;(w), the variances 
<a,a;>, and the transient as well as the steady- 
state lifetimes. Many of these turn out to be of 
the standard form already familiar from more 
special cases, provided they are expressed in 
terms of appropriate variables (equilibrium con- 
centrations and transition rates). The theory is 
restricted by the assumption of small departures 
from equilibrium and the existence of quasi- 
Fermi levels. A minor restriction is that it can 
handle only elementary transitions the net result 
of which is that not more than one electron changes 
its quasi-Fermi level. This condition is clearly 
fulfilled by the fourteen processes shown, but it is 
not fulfilled by other rather less important pro- 
cesses. The work can, however, be extended to 
cover these cases, at the cost of increased com- 
plexity in the formulae, so that this restriction 
need not concern us here. In all cases the spectral 
densities turn out to be of the form 


LA, (1 + w*r*), 


where the constants A, and the transient lifetimes 
7, can be obtained in terms of concentrations and 
transition rates by the methods to be outlined. 


2. THERMOSTATIC PRINCIPLES 

It is not possible to present the results system- 
atically in the space available, so that only general 
principles and suggestive rough arguments can 
be given here. These are intended to serve as an 
introduction to the full paper which will appear in 
the Proceedings of the Royal Society. 

The thermodynamic situation can be made clear 
by considering a general class of systems. It is 
supposed that such a system exhibits extensive 
variables Q),...Qs which vary under the con- 
straint that their sum is constant. Thus if «; 
denotes the departure from equilibrium of Q;, 


“t 


SY 4 = 0. 


— 


i=] 
It is assumed further that variables independent 
of the Q’s are kept constant, and that under these 
conditions some thermodynamic function D has 
an extreme value in equilibrium. Thus if heat 
flows between two parts of a system, Q; and Qo 
represent the heat energy in the parts, 01+ (Qs is 
constant, and the entropy attains a maximum in 
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equilibrium. In this typical situation of irreversible 
thermodynamics all our assumptions are therefore 
satisfied. Returning to the general case, thermo- 
static forces EZ; = @D)/@a; can be defined and 
turn out to be 1/7; in the heat conduction case. 
Ds) means here that D is still expressed in terms of 
all s «’s. Actually one of these, %; say, can be 
eliminated by (3), and when this has been done, we 
write D instead of D‘*), An increment of D is 
therefore of the form 


e~-1 
dD = > (Ej—Es) du 
i=1 


also 
s-l 
D = Do+4p >, dijraxs- (4) 
i,j=1 
The last expression assumes small departures from 
equilibrium. In it yp = + 1, depending whether 
Do is a minimum or maximum. 7p is introduced in 
order to give the matrix d always non-negative 
elements. Equation (4) leads to two alternative 
ways of defining the thermodynamic forces X; 
which correspond to the displacement «; 


eD 
At = or 
Chi 


np(Es— E;) 

a: . 6) 
-- > digas, eX = —dz 

j=l 


In the simple heat conduction case considered 
above there is only one such force, which is X = 
1/T,;—1/T2— effectively a temperature difference. 

The case of interest here occurs when the Q; 
are the numbers m of electrons in the various 
groups. As the temperature is fixed, the free 
energy attains a minimum value, and one has 
D— F, ‘o> is Ei —> OF On; = pi, Xi = ps 
—pi. Thus the chemical potentials (for quasi- 
Fermi levels) are the driving forces for our system 
which is at least roughly homogeneous in space. 
The heat conduction problem, though not homo- 
geneous in space, serves however as a suggestive 
analogy. 


2C 


3. KINETICS 
For a discussion of the development of the 
system in time, a linear relation will be assumed 
between the forces X; and the velocities «;, as is 
appropriate for small departures from equili- 
brium: 


X = Ra. (6) 

From (5) and (6) 
Ra+da = O or V(t), (7) 
depending on whether or not outside forces V;(t) 
are present. The introduction of the impedance and 
admittance matrices requires some care, but can 


be made plausible by appeal to an electrical 
analogy: 


RO+(1/C)Q = O implies Z = R+1/iwC. 


Hence (7) leads to 


Z = R+d/iw = RUI-A/iw), A= —R ld. 


The admittance matrix is 
Y = Z1 = ([-A/iw) R41. (8) 


For the simple example of Section 1, matrices 
become numbers, and R=AkT/p/’,, d= kT 
(1/m19 + 1/ng0). 7 

In order to make progress, observe that A can 
normally be diagonalized by choosing new 
variables («,) which are linear combinations of the 
given «. This representation will be denoted by 
primes, and the diagonal elements of A’ (the 
eigenvalues of A) will be denoted by —1/7. 
Equation (7) yields: 


a, = —(1/r)a,, ice. a, = C; exp(—t/ri). 


The 7; are thus seen to be lifetimes which 
characterize the return to equilibrium of the 
system. A may be called a lifetime matrix. The 
change in the variables may be achieved by multi- 
plying the vector a by a suitably chosen trans- 
formation matrix, whose elements can be expressed 
in terms of the elements of A. But the new 
representation is not the natural one which corre- 
sponds to the «’s which are actually observed. 
It corresponds roughly to the choice of normal 
coordinates in dynamical problems. 
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Let the A-diagonal representation be adopted. 
Equation (8) then yields 


Thus one has the frequency dependence of the 
admittance matrix elements as needed in (2). 
The problem is now formally solved. The 
solution is, however, not yet useful, as one needs 
to know the lifetimes and the resistances (i.e. the 
matrices d and R-) in terms of the parameters of 
the model: the equilibrium numbers and transition 
rates. These parameters are treated as known. 


4. EQUATIONS FROM THE SEMICONDUCTOR 
MODEL 
It turns out that nothing as specialized as mass- 
action laws has to be injected into the framework 
described so far. Two simple sets of equations are 
sufficient. 


(A) (10) 


This result is straightforward for the electrons 
of conduction or valence bands. It merely needs a 
Taylor expansion of the non-equilibrium con- 
centrations about the equilibrium Fermi level pio. 
€; is a ratio of Fermi integrals, and is unity for 
non-degenerate bands. For localized levels a 
summation over the different charge conditions 
of a centre is involved. But a suitable & can be 
defined also in this case, and this removes the need 
to distinguish between bands and localized levels 
in the formal part of the theory. This device 
simplifies the final formulae considerably. Equation 
(10) relates thermodynamic forces and displace- 
ments, and can be combined with X = —da 
[equation (5)] to yield the matrix d in terms of 
equilibrium numbers and the &. 


ay = Enio(Hi— po) kT. 
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k=1 


(B) (11) 
In this equation Piz is the total equilibrium 
transition rate for the processes under considera- 
tion in each of which one electron moves from the 
group of quasi-Fermi level »; to the group of 
quasi-Fermi level yz. It takes a little manipulation 
to show that (11) is valid generally for all processes 
considered. The equation relates thermodynamic 
forces and velocities, just like X = Ra [equation 
(6)], and hence can be used to identify the re- 
sistance matrix in terms of the transition rates 7. 
From d and R, the matrix A = —R-d and its 
eigenvalues can be obtained. The lifetimes 7; 
follow in terms of the equilibrium numbers and 
transition rates. The formal solution (9) of the 
main problem can thus be linked to the model. 


5. CONCLUDING REMARKS 

The above approach is also suitable for 
discussing in a rather general framework the 
relation between transient and steady-state life- 
times. The equations for lifetimes and noise can 
be worked out in detail and, if the distinct groups 
of levels are not too numerous, all the matrices 
involved can be exhibited explicitly. This has been 
done for two and three groups of levels (s = 2,3) 
in the full paper in which the results obtained are 
also compared in detail with previous work. 
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DISCUSSION 


P. J. Price: I believe that the condition for valid- 
ity of such calculations is as follows:* after an elec- 
tron makes a transition to a particular group of 
states, the time for it to ‘‘settle down’’ so that the 
probabilities of transitions to the other groups have 

* Price P. J., J. Appl. Phys. 31, No. 69, 49-53 (June 
1960). 





reached their steady-state values must be small compared 
to the lifetime for the electron to remain in the group. 


P. T. LANpsBERG: I think this condition is equivalent 
to the stated assumption stipulating the existence of 
quasi-Fermi levels. 

K. M. van Vuter: If your condition is not satisfied 
a priori one may satisfy this by introducing more groups 
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of states, e.g. if carriers in the conduction band are not 
thermalized sufficiently fast, this band has to be repre- 
sented by a group of states with different quasi-Fermi 
levels. 

P. T. Lanpsperc: The situation just described by 
Dr. vAN VLIET can in principle be handled by the 
approach discussed here since the number of levels is 
left general in the formal part of the theory. When it 
comes to the evaluation of the formulae, however, the 
complexities go up rapidly with the number of levels. 

K. M. van Viet: It was pointed out that the free 
energy determines the carrier fluctuations. The only 
constraint is Lnj = constant, but the energy is never 
constrained. In fact, as shown by Burcess, the 
carrier variances can be adequately found from the 
energy fluctuations in a grand canonical ensemble. 
Thus, the derivation of Fermi—Dirac statistics for 
electrons in solids using carrier and energy constraint, 
as given in most solid-state textbooks, should be 
considered erroneous—or at least over simplified. 

P. T. LANDSBERG: I agree that the grand canonical 
ensemble provides a very desirable approach to many 
statistical mechanical questions. In fact, I have recently 
had occasion to emphasize its usefulness.* The other 
methods quoted by the speaker should, however, give 
similar results whenever the fluctuations are small. The 
investigations of current carrier fluctuations mentioned 
by the speaker probably furnish examples of this general 
principle. 

A. R. Beattie: Can this method be applied to the 
case of large departures from equilibrium provided the 
system may still be described by quasi-Fermi levels? 

P. T. Lanpsperc: The method is limited to the 
neighborhood of equilibrium because the fluctuation— 
dissipation theorem is subject to this restriction. 


R. LANDAUER: Modulated light techniques as 
described by CHEROFF and TRIEBWASSER are equivalent 


* Thermodynamics with Quantum Statistical Illustra- 
tions. Interscience, New York (1961). 
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to generation—-recombination noise techniques in terms 
of the information they yield. The equivalence is exact 
in the case of systems close to equilibrium, involving 
one-carrier transitions. The noise experiments are 
physically represented by the equivalent network 
given in VAN DER ZIEL’s book. The same network with 
a constant current generator connected between the 
levels being ‘‘pumped’’ represents the response to the 
a.c. light flux. Since modulated light is now available 
even at microwave frequencies, it is hard to understand 
the reasons for the continuing predominant interest in 
the noise methods. 


K. M. van V ter: It is well known that the response 
to a.c. modulated light can be described by the same 
kinetic equations as the noise and consequently—if 
one desires so—the response can also be represented 
by an equivalent electrical network. Thus, if one 
is not interested in the noise characteristics of semi- 
conductors as such—either to check the theory of 
equilibrium fluctuations or to find the practical radiation 
detection limit—but only in the determination of 
lifetimes, etc., one may employ a.c. light techniques 
as well. However, the methods are not completely 
equivalent. In the case of a multilevel semiconductor 
the noise spectrum may yield more information at once. 
When dealing with spontaneous fluctuations one 
measures the response to carrier population disturbances 
in all the levels and accordingly the spectra may reveal 
all the relaxation times of the system. In the photo- 
conductive response, usually only specific transitions are 
induced and as a rule only one lifetime is observable. 
Thus the photoconductive response vs. a.c. chopping 
frequency is not completely proportional to the r.m.s. 
noise.t Furthermore, in the case of the spontaneous 
fluctuations, one can be sure that the disturbances are 
always small enough to linearize the kinetic equations. 


P. T. LANDsBERG (Comment): The importance of 
noise in device work must also not be overlooked. 


+ Compare vAN VIET K. M. and BLokK J., Physica 
22, 525, 723 (1956). 
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Abstract—Generation-recombination noise in semiconductors arises from a modulation of the 
conductivity by random thermal fluctuations of the charge carriers between the valence (or conduc- 
tion) band and the impurity levels. With certain impurities, such as gold in germanium, it is possible 
to have two interacting levels simultaneously contributing to the noise. We have studied two samples 
of gold-doped germanium in the temperature range 90°-100°K. In one sample, the Fermi level lies 
midway between the 0-041 eV donor level and the 0-145 eV acceptor level, so that the noise spec- 
trum simultaneously exhibits relaxation times characteristic of both levels. In the second sample, the 
Fermi level is locked on the gold acceptor level. A straight-forward theory has been developed, 
capable of satisfactorily accounting, in general, for all of the observed noise in interacting two- 
impurity level systems of this type. Estimates of the total capture cross-sections of free holes by the 
0:041 eV donor level and the 0-145 eV acceptor level in p-type gold-doped germanium of op =3°7 X 
10-18 cm~? and o4 = 1:5 X 10-12 cm? have been obtained, in qualitative agreement with other inde- 
pendent measurements. Further, the results indicate some interesting possibilities regarding the 


existence of excited gold center states and their effect on the generation—recombination process. 


WE HAVE previously reported”) estimates of the 
capture cross-sections of free holes by the 0-041 eV 
donor level and the 0-145 eV acceptor level in 
p-type gold-doped germanium obtained from 
measurements of the generation—recombination 
noise spectrum. At 97°K the Fermi level of the 
sample studied earlier was located midway between 
the two gold levels, so that the noise spectrum 
simultaneously exhibited relaxation times character- 
istic of both levels. In this paper we report on 
additional measurements of the generation— 
recombination noise in this sample at 92°K and 
100°K, and in a sample where the Fermi level 
lies close to the 0-145 eV acceptor level over the 
same temperature range. In general the experi- 
mental results further verify the theory developed 
to predict generation—recombination noise in 
interacting two-impurity level systems in terms of 
the capture cross-sections. However, it appears 
that transit time effects may appreciably modify 
the low frequency portion of the spectrum under 
certain conditions. Furthermore, the new results 
raise some question as to the conditions under 
which the 0-145 eV acceptor level can exhibit the 


strikingly large capture cross-sections previously 
reported. 

Generation—recombination 
ductors arises from the modulation of the con- 
ductivity by the random thermal fluctuations of 
charge carriers between the valence (or conduction) 
band and the impurity levels. Thus, for an ex- 
trinsic semiconductor, the time-dependent second 
moment <AjJ(0)A/(t)> of the current fluctuations 
is simply related to the corresponding moment 
<Apy(0)Apy(t)> of the fluctuations in the valence 
band population. 


noise in semicon- 


” 


CAJ(MAI(t)> = = <apr(Oaor )» (I) 


where J is the average current and py the equili- 
brium valence band population. The generation— 
recombination noise spectrum G(f) is the Fourier 
transform of equation (1). 

Van VitET) has developed a general prescrip- 
tion for obtaining the free carrier fluctuations in 
computing the linear 


multi-level systems by 
response of the various level populations to the 
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thermodynamically conjugate applied Fermi 
potentials and has applied this technique to several 
simple systems and to the Shockley—-Read model. 
More recently KLaassEN®) has studied generation— 
recombination noise in p-type nickel-doped ger- 
manium. However, the impurity level scheme for 


L. J. NEURINGER and W. BERNARD 


simultaneously to the number of ionized donor 
states and the number of filled acceptor states. 

In order to distinguish clearly the principal 
features of the proper derivation we momentarily 
neglect any interaction between the two gold 
impurity levels. Under these conditions the 
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Fic. 1. Energy level scheme for p-type Au-doped germanium. 


this system is such that only one nickel level need 
be considered at any given temperature. On the 
other hand, in the p-type gold-doped germanium 
system considered here, the 0-041 eV donor level 
and 0-145 eV acceptor level lie sufficiently close in 
energy that under appropriate conditions both 
levels are active simultaneously. 

The model of p-type gold-doped germanium 
we consider is indicated in Fig. 1, which shows the 
impurity level scheme, and also the Fermi level 
as a function of temperature for the two samples 
studied, as given by KLEIN and Desye), In the 
temperature range of interest the shallow acceptor 
level is assumed to be completely ionized, so that 
only two independent variables need be considered. 
The customary assumption is made regarding 
the interaction of the gold levels, wherein the 
number N}, of neutral gold atoms corresponds 


instantaneous displacements from equilibrium 
Apa and App of the hole populations of the 
acceptor level and donor level, respectively, 
decay according to the simple scheme: 


Apa(t) = Apa(0) exp(—t/74) (2) 


App(t) = App(0) exp(—t/7p), (3) 


where Ap4(0) and App(0) are the initial displace- 
ments. The decay of the valence band population, 
invoking charge neutrality, is therefore 


Apy(t) = —Apa(0) exp(t/7) 
-- App(0) exp( _ t/Tp). (4) 


Multiplying equation (4) by Apy(0) and averaging 
over the equilibrium system yields the desired 





GENERATION-RECOMBINATION NOISE AND CAPTURE CROSS-SECTIONS 





TOT TTT Ty T . oe Ceeren T ee a ee 


Crystal GT-I7-4 T =97 °K 

oy 2155 *I0% m2, 9p=3:75x10% cm? 

A. Equilibrium noise 

B. Theoretical noise spectrum 

C. Acceptor level contribution (theoretical) 
D.. Donor level contribution (theoretical) 


Riictblinttlinstin®, ud 


a =e ens 


bot peal 





\ 
a ee —_— posh Se eee 
10° 108 10” 


Frequency, f (cps) 








Fic. 2. Generation-recombination noise spectrum at 97°K. 


So 
Crystal GT-17-4 T=I00°K 
Uncorrected spectrum 
Spectrum corrected for |/f noise 
Donor level contribution 
Acceptor level contribution 
Estimated |/f contribution 
Equilibrium noise 
Theoretical noise spectrum 


2 


<(0V)*> voits? 
Af cps 


Frequency (cps) 


Fic. 3. Generation—recombination noise spectrum at 100°K. 





388 L. J. NEURINGER 


second moment of the valence band fluctuations: 
Apy(0)Apy(t)> = [<(Apy)? 
+ <ApyApp >] exp(—t/74)— <ApvApp > exp(—t/tp) 


From equation (1) the resulting generation— 
recombination noise spectrum is 


[<ApvApp >|7p\ 
1+(2nfrp)? } 
(6) 


useful 


([<(Apy)? >+ <ApvApp >]r 
1+(2nfr4)* 


x 


Equation (6), while representing a 
approximation in certain situations, is incorrect 
in two important respects: (a) the direct interaction 
arising from the fact that a neutral gold atom 
corresponds simultaneously to a filled acceptor 
and ionized donor has been neglected; (b) the 
indirect interaction between the two levels via the 
valence band has not been taken into account. 
When the above modifications are properly 
introduced, the exact expression for the noise 


spectrum, as rerived in our earlier work"), is 


4] 


(1 —r4Avv) <(Apv)? >—taAvn <ApyApp>] 


1+(2nfrp)* 


me 
| ‘D 


7 s[(1—zpAvv) <(Apy)? > —tpAvp<AprvApp >] 

1 + (2nfr4)* 
(7) 
The Aj; are the coefficients of the coupled kinetic 
equations and are functions of the equilibrium 
statistics and the capture cross-sections o4 and op. 
The lifetimes 74 and 7p are the usual roots of the 
secular determinant obtained from the kinetic 
equations. The fluctuation moments <(Apy)?) 
and <ApyApp > are computed from the free energy 
according to the equilibrium fluctuation theory of 

GREENE and CALLEN®), by solving the equations 


> o2F 
CpiCPr 


k 


AprAp; = kT8;;. (8) 
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We note that it is also possible to obtain the 
equilibrium fluctuation moments following the 
method of Lax), which is based on the generalized 
Einstein mobility—diffusion relation. 

The experimental noise spectra for the two 
samples studied are shown in Figs. 2-5. Fig. 2 
exhibits a noise spectrum which is typical of 
crystal GT-17-4 in the temperature range over 
which the experiments were performed. These 
data have been corrected for the equlibrium noise. 
indicated by curve A. Two characteristic relaxa- 
tion times, corresponding roughly to the two 
gold levels, are clearly evident as might be expected 
from the position of the Fermi level shown in 
Fig. 1. The best fit of equation (7) to the experi- 
mental points, corresponding to the total hole 
capture cross-sections o4 = 1:5 x 10-1!2cm? and 
op = 3:7x 10-18 cm?, is shown by solid curve B. 
These values for the cross-sections are used in 
analyzing the data in Figs. 3-5. 

Figure 3 presents the noise spectrum of crystal 
GT-17-4 at 100°K. These data have been 
corrected for an estimated 1/f contribution, 
curve E, as well as for the equilibrium noise, 
curve A. The two relaxation times are still clearly 
discernible. The relaxation time of the donor 
level has decreased in accordance with the theory. 
Using the previously obtained values for the 
cross-sections, good agreement between the 
theoretical prediction (solid curve B) and experi- 
mental data is obtained. 

The generation—recombination noise spectrum 
of the same sample at 92°K appears in Fig. 4. 
The acceptor level contribution is readily observed 
and remains essentially unchanged. However, at 
this temperature any donor level contribution 
present is dominated by the 1/f noise, which 
amounts to 3 x 10-16 V2/c/s at 104c/s. We note 
that the same 1/f component is present in Fig. 3. 
The theoretical spectrum, shown by the dotted 
line, agrees with the experimental acceptor level 
contribution, but requires a donor level contribu- 
tion which should be readily observable. We 
suggest that the donor level contribution may be 
suppressed when the donor relaxation time be- 
comes longer than the transit time. We intend to 
consider this possibility quantitatively in the 
future. 

For the second sample studied the generation— 
recombination noise spectrum at 90°K is shown 
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Fic. 4. Generation—recombination noise spectrum at 92°K. 


in Fig. 5. We recall from Fig. 1 that the Fermi 
level for this sample lies close to the 0-145 eV 
acceptor level, so that one might expect the noise 
to exhibit a contribution solely from this level. 
The two curves correspond to the noise measured 
with the current flowing through the sample in 
opposite directions. Using the values of the cross- 
sections, op = 3:7x10-18 cm? and oy = 1:5x 


10-12 cm?, obtained from analysis of the previous 
sample, the theory predicts a noise level of 
5 x 10-16 V2/c/s and a generation—recombination 
frequency of 9 x 107 c/s arising from the acceptor 
and essentially no contribution from the donor. 
Although the theory predicts the correct inte- 
grated noise, it appears to be in serious error in 
other respects. The excessively short relaxation 


Fic. 5. Generation—recombination noise spectrum at 90°K. 
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time predicted is due to the presence of a large 
number of negatively ionized gold acceptor states. 
If the assumption is made that only a small fraction 
of these states is available for recombination, it is 
possible to predict the observed noise satisfactorily. 
To account for this apparent discrepancy we 
suggest the following mechanism. We suppose 
that the negative gold center can exist in either a 
ground state or an excited state. The excited state 
presents the large capture cross-section normally 
attributed to the negative gold center, whereas 
the ion in the ground state exhibits a more modest 
cross-section. Only those centers which actively 
engage in the thermal generation—recombination 
process exist in the excited state. The large per- 
centage of negative gold centers, having lost a hole 
to the shallow Column V donor (arsenic), are 
present in the ground state. 

To summarize, we assert that the general 
aspects of the theory developed to predict genera- 
tion-recombination noise in interacting two- 
impurity level systems are correct and may be 
used to obtain reliable estimates of capture cross- 
sections. Our values for the total cross-sections, 


for example, are in fair agreement with those 
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determined using field effect techniques by 
RUPPRECHT'?), who has found total cross-sections 
of o4 = 2°5x 10-12 cm? and op = 6°7 x 10-19 cm?2. 
The experimental results reveal several interesting 
possibilities which could lead to a more detailed 
description of deep-lying impurity centers and 
their interaction with conducting states. We intend 
to pursue these matters both theoretically and 
experimentally in the future. 


REFERENCES 


. NEURINGER L. J. and BerNarp W., Phys. Rev. 
Letters 6,455 (1961). 

. VAN VuleT K. M., Phys. Rev. 110, 50 (1958). 

. Kiassen F. M., Doctoral Thesis, Vrije Universiteit, 
Amsterdam, Netherlands (1961). 

. Kier C. A. and Depye P. P., Proceedings of the 
International Conference on Semiconductors, 
Prague (1960) p. 278. Czechoslovak Academy 
of Sciences, Prague (1961) 

. GREENE R. F. and CALLEN H. B., Phys. Rev. 83, 
1231 (1951). 

. Lax M., Rev. Mod. Phys. 32, 25 (1960). 

. RupprRecHT G., Proceedings of the International 
Conference on Semiconductors, Prague, (1960) 
p. 282. Czechoslovak Academy of Sciences, 
Prague (1961). 


DISCUSSION 


A. Rose: Have you considered the contribution of a 
small fraction of doubly charged gold centers? 


L. J. NeEuRINGER: We have assumed that the doubly 
charged gold centers do not contribute in any observable 
way to the noise spectrum since they are so far removed 
from the valence band. It is difficult to see how they 
could be important in the temperature range considered. 


J. J. Bropuy: If the existence of excited and ground 
states of the negative gold ion is relevant to the genera- 


tion-recombination process, why doesn’t RUPPRECHT 
observe them in his field effect experiments? 


L. J. NeurINGeER: I believe that in his experiment 
RUPPRECHT bends the bands (by applying an electric 
field) in such a direction that he observes only the 
generation process, which should be essentially un- 
affected by the relatively few excited states postulated 
here. Under appropriate conditions it might be possible 
for him to observe the effects we describe if he would 
deform the bands in the opposite direction. 
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GENERATION-RECOMBINATION NOISE IN VARIOUS 
PHOTOCONDUCTIVE SEMICONDUCTORS 
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Abstract—Noise measurements are reported for nickel-doped germanium, manganese-doped ger- 
manium, gold-doped germanium, indium antimonide and tellurium. For nickel-doped germanium 
the noise spectra are found to be consistent with the g-7 noise theory for double acceptor systems. 
The various capture cross-sections have been determined. At low temperatures the upper nickel 
level acts as a recombination center (hole trap). 

The noise spectra for manganese-doped germanium are complex at temperatures close to 77°K. 
The noise is extremely low and consequently a large detectivity as a radiation detector is to be ex- 
pected. 

For gold-doped germanium, spectra were observed which are not of the usual form for multi-step 
relaxation processes. An explanation is suggested by noticing that the dielectric relaxation time for 
these samples is larger than the lifetime so that space charge transients can exist. 

Some noise data are given for indium antimonide together with an estimate for the noise 


equivalent power. 


Finally some features of noise in tellurium single crystals are reported. 


1. INTRODUCTION 
GENERATION-RECOMBINATION noise 
carrier density fluctuations caused by spontaneous 
fluctuations in generation, recombination or 
trapping rates, including that part which is due to 
photon noise of the (background) radiation field. 
The theory for g-r noise has been well confirmed 
in the last few years, particularly for intrinsic or 
near intrinsic materials or for simple photocon- 
ductors in which excitation takes place across 
the band gap like PbS.@-5) Presently, in various 
institutions more complicated materials which 
contain various trapping levels, double acceptors, 
etc., are being studied. As illustrative examples we 
mention the studies of gold-doped germanium?) 
and of cadmium sulfide, reported in the 
literature.8.9) Generally, the noise spectra for 
these materials are complex, thereby reflecting 
the complexity of the energy level system involved. 


refers to 
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Eindhoven, The Netherlands. 


Roughly speaking, the spectral intensity of the 
noise is the Fourier transform of the current 
reponse Ai(t) caused by the decay of excess carrier 
population of the various electronic energy states. 
As a consequence, the spectra reveal turnover 
(angular) frequencies equal to the reciprocals of 
the corresponding transition relaxation times 
which are also observed in other transient pheno- 
mena. Lifetimes as short as 10-8 sec can be deter- 
mined by measuring the spectrum up to 16 Mc/s. 

In this paper we shall report various measure- 
ments on nickel, manganese and gold-doped 
germanium, indium antimonide and tellurium. 

Rather than presenting detailed mathematical 
calculations [for methods, compare Refs. (1), 
(10-14)], we shall present here the experimentally 
observed spectra for the various materials and 
discuss the main features of them. 


2. NICKEL-DOPED GERMANIUM 
The incorporation of nickel in germanium 
provides acceptor states 0-23 and 0-44 eV above 
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the valence band. In samples which are partially 
counterdoped the noise spectra should be simple 
since in a wide temperature range (77°-180°K) 
the Fermi level is clamped at the lower acceptor 
sites. In that case there is only one dominant 
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oF = 35x 10-14 cm? at 200°K 
and at other temperatures: o, ~ T-15, 
Since the noise satisfied the theoretical ex- 


pressions and was consistent with the Hall data, 
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1. Noise spectra at low temperatures for a compensated 
nickel-doped germanium p-type sample. 


lifetime due to transitions between the valence 
band and the lower acceptor levels: 
7 = 1/0, (Up ne. 

o, is the capture cross-section of singly ionized 
acceptors (lower levels) for holes, (vp) is the mean 
hole velocity and m, is the number of compensation 
centers. The observed spectra are shown in Fig. 1. 
From the turnover frequencies it follows: 


it is not necessary to measure the photoconductive 
responsivity in order to determine the noise 
equivalent power; it is adequate to calculate the 
noise equivalent power from the simple ex- 
pression: 

hv / 4pod \1/2 

—(—=), (1) 

i] \ = 
where hy is the optical energy (0-23 eV), 7 is the 
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quantum efficiency, po is the equilibrium hole 
density, d is the thickness of the crystal, 7 is the 
observed lifetime (3 x 10-8sec). For the sample 
shown at 150°K, Peg ~ 6x 10-18 W. This could go 
down by several orders of magnitude, if normal 
g-r noise of the form C/(1+ w?r?) would prevail 
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different as demonstrated by Fig. 2. An analysis 
was undertaken under the assumption that the 
upper nickel center in this case acts as a recombina- 
tion center (hole trap). This provided consistent 
results. The two possible bumps yielded: 
o, = 2:3x 10-16 cm? (capture cross-section of 
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Fic. 2. Noise spectra in the intrinsic range for a 40 2 cm nickel-doped 
germanium crystal. 


at lower temperatures. However, Fig. 1 shows 
that below 150°K 1/f noise dominates. The 
difficulty here is that contact noise cannot be 
eliminated properly by probe techniques when 
the crystal resistance becomes extremely large 
( > 1MQ). Also, a space-charge effect may modify 
the noise; compare for gold-doped germanium 
below. 

At room temperature the spectra look quite 


simply ionized states for electrons) and 


o. >5x10-14cm2 
ae 1¢ cm 


(capture cross-section of double ionized states for 
holes). The values of the various cross-sections 
are in agreement with the relation); 


(2) 


- - e a 
O, > F|> 5, > o, 


which accounts for the electrostatic interaction. 
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3. MANGANESE-DOPED GERMANIUM 
Manganese provides acceptor levels at 0-16 eV 
and 0-38 eV above the valence band. The crystals 
were counterdoped in order to fill up the low-lying 
acceptor levels (0-05 eV) of unknown origin in 
these materials. Some noise curves for tempera- 
tures between 78° and 120°K are given in Fig. 3. 
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7 = 1/0,<vp>ne should be practically inde- 
pendent of temperature. Curves 4, 5 and 6 seem 
to fit this formula, assuming 7 ~ 10-8; however at 
lower temperatures the time constant increases, 
and the level of the noise is two orders of 
magnitude /ower than expected from (3). 

From the log R vs. 1/T curve, which is a straight 
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Fic. 3. Noise spectra for manganese-doped germanium at low temperatures. 


The spectra are quite different from those for 
nickel-doped germanium. At first sight, the com- 
plexity of the spectra is not clear. If one could 
assume—as for nickel-doped germanium—that 
the noise is caused only by transitions between the 
valence band and the lower manganese levels, of 
which a number 1m, is filled due to counterdoping, 
then, since m- ~ 1018 > p, for the temperatures 
considered, one expects the noise to be given by 
the simple formula: 


Si( f) = 4127/ppV(1+ wr?), (3) 


where V is the volume and 7 is the relaxation time: 


line of slope 0-16 eV down to 77°K, one concludes 
that the holes did come from the lower acceptor 
levels and consequently one would expect g-r 
noise from these transitions. Applying equation 
(3) this would result in a noise level as large as the 
plateau in curve 1 but extending to 10 Mc/s as 
for curves (3), (4) and (5). Apparently the observed 
noise at 77°K is of different origin and the 
regular g-r noise from the acceptor levels is 
apparently suppressed, unless the time constant is 
of order 10-1 sec, i.e. the capture cross-section 
for holes is a factor 100 less than for nickel-doped 
germanium. The low-frequency turnover at 
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30 kc/s might arise from hole trapping by the low- 
lying acceptors of unknown origin. Also, a possible 
space-charge effect as will be discussed below for 
gold-doped germanium may effect the shape of 
the spectra. 

The noise equivalent power for the reported 
crystal is very low, viz. of the order 5 x 10-18 W for 
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observed regular g-r noise. Some peculiarities in 
the noise spectra were recently observed at the 
University of Minnesota and will be briefly 
reported here. The crystals investigated were 
provided with alloyed contacts and were well- 
behaved. The J-V characteristics were reversible 
and linear. The samples were high-ohmic at 
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Fic. 4. Noise spectra for a gold-doped germanium sample at 88°K. 


hv = 0-16 eV and at 77°K. Noise spectra have 
also been measured under infrared irradiation 
thereby exciting electrons to the lower manganese 
levels. The results will be reported elsewhere. 


4. GOLD-DOPED GERMANIUM 


For practical infrared detectors gold-doped 
germanium is a useful material. Noise was 
measured before by JOHNSON and LevINsTEIN 
and by NEURINGER and BERNARD); the first 
investigators measured only up to 10kc/s and 


liquid nitrogen temperature and showed the usual 
photoconductive response. At 77°K breakdown 
could be observed for voltages of the order of 
1000 V/cm which has also been found by others. 
Some noise spectra for 88°K, R= 12 MQ 
are shown in Fig. 4. Below 10 kc/s the spectra 
are flat except for extra noise at higher currents. 
The noise spectra then rise till another plateau 
is reached. The falling-off of this noise is not 
observable anymore in the measured range (up 
to 10 Mc/s). At higher temperatures a similar 
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Fic. 5. Noise spectra for a gold-doped germanium sample at low temperatures. 


pattern is found but the rising of the noise moves 
out to higher frequencies.* A summary of the 
data taken for various resistance values at tempera- 
tures above 77°K is presented in Fig. 5. At the 
highest temperature measured (141°K) the 
spectrum remains flat up to 10 Mc/s. 

Spectra of the observed nature cannot be 
explained from the general theory of g-r noise 
which predicts a spectrum of the form: 


Sif) = P25 ¢Ayre(1 + w?7?) (4) 


with all Axs positive. This is a consequence of 


the monotonic decrease of the correlation function 
of the equilibrium fluctuations. Apparently, the 
basic assumptions of regular g—r noise, viz. that 

* If similar effects would be present in nickel-doped 
germanium it could not have been observed in our 
crystals, of Fig. 1, since at 77°K the crystals showed 
too much 1/f noise. 


the fluctuations are independent of position and 
that charge neutrality is maintained at any instant, 
are not satisfied. This is certainly probable in high 
ohmic materials. For the curve at 12 MQ the 
lifetime is ~ 10-8 sec, the dielectric relaxation time 
is €€,/o ~~ 2-10-6 sec and the hole transit time is of 
order 10-6 sec. For variations faste than ~ 100kc/s 
no space charge neutrality can be maintained, 
which may cause the rising of the noise. The fact 
that at higher conductivities the enhancement of 
the noise finally moves out to frequencies larger 
than the reciprocal lifetime supports this idea. 
Also, anomalies have been observed in the im- 
pedance for frequencies larger than 1/r7aie1. A 
more detailed study of noise under space-charge 
limited flow or space-charge transients is under 
way. 

5. INDIUM ANTIMONIDE 

Two unsuccessful attempts to measure g-r 
noise in InSb have been reported in the 
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literature."16.17) However, for rather pure p-type 
samples g-r noise can be observed in a small 
temperature interval around the temperature 
where the Hall coefficient has its maximum before 
it changes sign. The noise spectra were found to 
be flat. The noise level as a function of temperature 
is given in Fig. 6. The data can be explained with a 


io"* 
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tropic electrical properties. Noise measurements 
were made on samples with a triangular cross- 
section cleaved in liquid air. The current flow was 
in the direction of the hexagonal axis. g-r noise 
was measureable in the knee of the Hall curve 
and in the intrinsic region up to 250°K. In the 
extrinsic region no noise was observed except in 
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Fic. 6. Noise level for InSb as a function of temperature. 


Shockley—Read model. The noise equivalent power 
was found to be 1:0 x 10-9 W at 7 = 220°K and 
hv = 0:18 eV. This is an order of magnitude 
higher than present calculations"®) which neglect 
g-r noise predict. A fuller account will be 
published elsewhere. 


6. TELLURIUM 
Tellurium is a semiconductor with a bandgap 
of approximately 0-34 eV and with strong aniso- 


2D 


one out of twelve measured samples which 
exhibited large 1/f? noise. 

Some typical g-r noise curves are given in Fig. 
7. The crystal was heated by the passage of the 
current up to 235°K; the ambient temperature 
was about 195°K. Though there is some in- 
homogeneity in the temperature of the sample, 
it has been shown before that for the set-up used 
most of the temperature gradient occurs outside 
the crystal. 9) 
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The spectra of Fig. 7 are constant for fz 10 kc/s 
and have a high frequency slope close to 1°5 
(ie. S(f) oc 1/f3/*). We believe these spectra— 
which were observed in many more samples under 
similar conditions—are the first clear evidence 
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usually a different spectral component of the form 
1/f* with «~0-5 below 50 ke/s and « = 2 for high 
frequencies was dominant. This noise, which 
could be greatly effected by etching, was attributed 
to the surface. Clearly the spectrum turns over for 
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for ‘diffusion limited g—r noise’’ as was predicted 
by CHAMPLIN®®), Such a noise spectrum occurs 
if the diffusion time for carriers from the bulk to 
the surface is larger than the lifetime associated 
with the surface generation—recombination process 
and shorter than the bulk lifetime; in our case 
raitt = (2/5)(3/56)a?/Da, where a is the edge of 
the triangular cross-section and where Dg is the 
ambipolar diffusion constant. For the curves of 
Fig. 7 aire observed is 4-3 wsec and the calculated 
value is 4-52 sec. Also the magnitude of the 
noise is close to the expected values. 

When higher currents were passed through the 
samples (the ambient temperature being 77°K), 


f ——-> 


Typical noise spectra for tellurium single crystals. 


wts > 1. Present surface noise theories are in- 
complete in predicting the high-frequency 
behavior. Also, a correlation with the g-r noise 
component was apparent. A more detailed analysis 
will be reported elsewhere. Attempts to measure 
bulk g-r noise in tellurium crystals are in progress. 
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THE NOISE POWER SPECTRUM OF p-TYPE INDIUM 
ANTIMONIDE 


D. W. GOODWIN 


Royal Radar Establishment, Great Malvern, Worcs. England 


Abstract—The noise power spectrum of p-type indium antimonide has been measured in the 
extrinsic region for hole concentrations between 1012 and 101° per cm®. For frequencies greater than 
1kc/s generation—-recombination noise is dominant in all but very high resistivity specimens. Carrier 
lifetime determinations from these measurements are in agreement with those by photoconductive 
decay methods and indicate majority carrier photoconduction. For frequencies less than 1kc/s the 
noise power increases rapidly with decreasing frequency and with decreasing hole concentration. 
For very high resistivity material the noise power spectrum is dependent on the surface properties. 
The results which are presented are not inconsistent with the statistical theory of queuing. 


1. INTRODUCTION 
THE NOISE power spectrum of many semicon- 
ducting materials exhibits an inverse frequency 
characteristic at low frequencies extending down 
to 6x10-5c/s.2) Although the exact physical 
origin of this effect is very much in doubt its 


source has been associated with various effects 
such as the potential barriers existing at a p-n 
junction, around lattice dislocations and at the 
surface barrier of a semiconductor.) The majority 
of these effects have been studied using single 
crystals of germanium, usually at room tempera- 
ture. 

Because of the importance of p-type indium 
antimonide as an infra-red photoconductive 
detector®) the noise power spectrum has been 
investigated in the extrinsic carrier region in order 
to determine the sources of noise and if at all 
possible reduce their magnitude. The use of semi- 
conducting material other than germanium might 
reveal other noise characteristics likely to elucidate 
the source of low frequency noise. 

In order to remove certain known sources of 
noise high purity p-type indium antimonide single 
crystals were used of high crystalline perfection. 
A detailed analysis of generation—recombination 
has been carried out in order to elucidate the 
photoconductive process in the extrinsic region. 
The effects of temperature and both surface 
treatment and field effect have been studied as a 
function of hole concentration. 


2. EXPERIMENTAL PROCEDURE 

Noise studies have been made on single crystal InSb 
doped with germanium and zinc having resistivities at 
77°K between 0:1 and 1000 2 cm. Slices of crystal re- 
vealed that the resistivity was uniform across the slice to 
better than 5 per cent and that the dislocation density on 
the <111) axis was less than 1000/cm?. Filamentary 
specimens of 10 mm <1 mm X0-1mm were produced 
by lapping and contacts made by diffusion of 95 per cent 
indium, 5 per cent lead alloy. Specimens were either 
mounted on a glass substrate, having the same expansion 
co-efficient as InSb, using a pressure sensitive silicone 
adhesive or else hung freely in the refrigerant. 

A block diagram of the measuring equipment together 
with the specimen input circuit is shown in Fig. 1. A 
constant current source is provided for the filament by 
a smoothed battery supply and series resistor R. A noise 
voltage is measured on the inner contacts by amplifica- 
tion with a low-noise transformer and wide-band 
amplifier. This is followed by a harmonic analyser tunable 
over the range 20-2 x104c/s. The r.m.s. voltage is 
determined using a thermocouple detector and pen 
recording voltmeter. As the resistance of InSb filaments 
in the extrinsic region lies in the range 100-1000 Q 
the noise voltage was transformed in order to be greater 
than the noise of the inputs stage of the wide-band 
amplifier. Extraneous noise due to voltage fluctuations 
in the battery supplies and contacts is eliminated by 
increasing the value of the series resistance R until no 
further increase in noise if observed. The equipment 
is calibrated after each noise measurement by injection 
of a known voltage at the operating frequency across a 
very low resistance placed in series with the specimen. 


3. NOISE POWER SPECTRUM 


The typical noise power spectrum of a p-type 
InSb filament at 77°K, as shown in Fig. 2, 
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Fic. 1. Apparatus for electrical noise measurement. 


consists of two components greater in magnitude 
than Johnson noise. At low frequencies the noise 
power is an inverse function of the frequency 
whilst at higher frequencies it is frequency inde- 
pendent indicative of generation—recombination 
noise. At still higher frequencies the noise power 
decreases rapidly with increasing frequency. 

Measurements made on a large number of 
filaments of widely differing resistivities in the 
region where generation—recombination noise 
dominates are shown in Fig. 3. 

For temperatures below 170°K electron 
trapping occurs at localized centres in p-type 
InSb. Determinations of minority and majority 
carrier lifetimes from the magnitude of the photo- 
conductive and photomagnetic currents and from 
the decay of photoconductive current indicate 
that at 77°K the majority carrier lifetime (7p) 
is approximately four orders of magnitude greater 
than that of the minority carriers and that it is 


inversely proportional to the extrinsic carrier 
concentration (pe) as given by: 


Tp * Pe = 4x 108 cm- sec (1) 


a value slightly less than that obtained in other 
laboratories of 1-5x 109.4) Because the hole 
mobility at 77°K is limited only by lattice scatter- 
ing the majority carrier lifetime is proportional 
to the resistivity. The results shown in Fig. 3 are 
thus consistent with the general form of genera- 
tion—recombination noise given by: 


(2) 


where ¢ is the electronic charge, J the bias current, 
w the angular frequency and « a constant. The 
value of « deduced from the results is 1-9 + 0-1. 
The variation of noise power with frequency at 
high frequencies is consistent with a single lifetime 
whose value is given by equation (1). 
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Fic. 2. Noise power spectrum of a p-type InSb filament. 


Van Vuter and Box) have considered 
generation—recombination noise associated with 
trapping processes and have shown that the noise 
power spectrum can be expressed in the form: 


S(f) 4]2 271 TI 
ae 


1—A?+.«)re T2 
Ph nnn. — | (3) 


Ta 1+ wr, 


Ta 1+ w?r? 


Here N is the total number of carriers in the 
system, 7) is the relaxation time corresponding to 
recombination between traps and the ground state, 
roughly corresponding to the majority carrier 
lifetime, +2 corresponds to the minority carrier 
lifetime. 7g is the apparent lifetime as determined 
by photoconductive decay, A is a function of the 
carrier densities very close to unity and « an 
excitation function. 


For p-type InSb at 77°K 72 is lower than 
10-19 sec as determined by the photomagnetic 
effect whilst 7; is greater than 10-6 sec. Hence the 
results shown in Fig. 3 can be interpreted in terms 
of the first term in equation (3) assuming that d is 
very close to unity, that 7; is equal to tq both 
being given by equation (1). 


4. FACTORS AFFECTING LOW FREQUENCY 
NOISE 
(a) Carrier concentration 
The low frequency noise in InSb filaments at 
77°K can be expressed in the usual form: 


AR af 
%, 4 
* (4) 


where A and « are both constants. 
Previous measurements of noise in InSb 
photo-diodes has shown that « is approximately 3 
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Fic. 3. Variation of g-r noise in InSb at 77°K with resistivity 
for wr< 1. 


when the diode is illuminated with 300°K back- 
ground radiation but that « decreases on cooling 
that background; however, these measurements 
made on filaments show that « is equal to 3 even 
for backgrounds as low as 77°K. 

The variation of noise power with both carrier 
concentration and temperature has been measured 
in the extrinsic region. The results given in Fig. 4 
show that A is proportional to the square of the 
resistivity and hence inversely proportional to the 
square of the extrinsic carrier concentration. The 
temperature variation of the noise power spectrum 
also supports this. 


(b) Surface effects 

The magnitude of 1/f noise in germanium is 
dependent on the surface potential.) A theory 
based on surface state relaxation times has been 
proposed but this can account for 1/f noise only. 
Experiments have been carried out therefore to 


determine the effect of surface potential on low 
frequency noise in InSb. Prior to carrying out 
noise measurements, the effect of surface charge 
on the conductivity of an InSb filament was 
investigated. Previous experience has shown that a 
suitable surface of low surface recombination rate 
can be produced by electrolytic polishing in either 
glycol-nitric acid mixtures or in KOH solution; 
such surfaces tend to have low surface resistances 
in the region of 10,000 Q/cm?. Filaments were 
prepared therefore having bulk-resistance much 
greater than that of the surface and a suitable 
field plate fitted for normal field effect experiments. 
Measurements have been made both in a suitable 
vacuum cell and by direct immersion in liquid 
coolant. D.C. field effect experiments show that 
the surface normally produced by electrolytic 
polishing is slightly p-type and that inversion 
occurs with approximately 1-5 x 10-8 C of induced 
charge. From a detailed analysis of the field 
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Fic. 4. Variation of noise power at low frequencies with 
resistivity. 


effect, results could be explained in terms of a 
surface state 0-07 eV above the Fermi level for 
intrinsic material and of density 2 x 101! charges/ 
cm?, Changes in surface potential can be obtained 
also by chemical treatment. The surface of a 
freshly etched p-type specimen is normally 
excess p-type because of the presence of water in 
the etch. The effect of halide vapour (bromine 
for example) is to make the surface invert and 
become excessively n-type. Thus by careful 
exposure to vapour the surface resistivity can be 
made as high as 10? Q/cm?. Measurements of 
photoconductive decay indicate that the surface 
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recombination velocity at 77°K reaches a maxi- 
mum value for zero surface potential. Measure- 
ments of relaxation time show that the fast states 
decay with roughly the same time constant as the 
majority carriers but that the time constant of the 
slow state is greater than 10 sec. 

The effect of various surface treatments is 
shown in Fig. 5, for a specimen of bulk resistivity 
500 2 cm at 77°K. The effect of surface treatment 
both chemical and electrical is to change both A 
and « as given in equation (4). The variation of 
these constants with surface potential is shown in 
Fig. 6 where the surface potential is expressed in 
units of RT. 


5. DISCUSSION 

Previous investigations of noise power spectra 
of semiconductors may be summarized as 
follows.27) The importance of conductivity 
modulations caused by charged carrier modula- 
tions at potential barriers both within the semi- 
conductor and more especially at its surface has 
been demonstrated. Surface effects are attractive 
in explaining 1/f noise because of the long time 
constants associated with the surface states; 
however if queuing theory is incorporated there 
is no need to account for long relaxation times. 
However, no theory is at present able to explain 
power laws as high as 3 as have been obtained 
here and previously on InSb _photo-voltaic 
devices exposed to ambient radiation and on 
germanium filaments exposed to CCl, vapour. 

Queuing theory") gives a noise power spectrum 
for an expotential distribution of lifetime of 


1 
W(w) = —- log (1+ w?7°), (5) 
W 
whilst if the distribution is terminated at a 
particular time 7 


L 


~ log (yar), (6) 


W(w) = 

Ww 

where A is a constant close to unity and y is 

Euler’s constant. The dependence of the termina- 

tion of the distribution on surface potential would 

account for some variation in the power law but 

not of the correct magnitude to account for the 
experimental results. 

The variation of noise power magnitude with 
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Fic. 5. Effect of surface treatment on the noise power 
spectrum of high resistivity material. 
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Fic. 6. Variation of A and « [equation (4)] with surface 
potential. 


surface potential is very different from that 
observed on germanium where an increase in 
magnitude was observed only in the inversion 
region. 
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6. SUMMARY 


The effect of minority carrier trapping in p-type 
on generation—recombination noise has been 
accounted for. The low frequency noise power 
spectrum normally obeys a 1/f? law, the magnitude 
being a function of the majority carrier concentra- 
tion. The index of the power spectrum depends on 
the surface potential decreasing rapidly with 
increase in surface potential of both sign. More 
detailed experimental work is necessary in order 
to give a clear understanding of the effects of the 
surface barrier. 
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DISCUSSION 


K. M. van VireT: Could you comment on the nature 
of the trapping g-r noise with turnover frequency with 
about 20 ke/s? 


D. W. Goopwin: This is associated with the fluctua- 
tions in majority carriers which at 77°K have lifetimes 
greater than several microseconds. Minority carriers are 
trapped in times of the order of 107-!%sec and their 
contribution to the noise would appear to be negligible. 
The majority carrier lifetime as determined from the 


relaxing of g-r noise in the region of 20 kc/s agrees with 
those values obtained by analysis of photoconductive 
and photoelectromagnetic effects and by photoconductive 
decay determinations. 

R. W. CUNNINGHAM: What is the magnitude of the 
slow state decay time? 

D. W. Goopwin: Measurements of the slow state 
decay time indicate that at 77°K it is greater than 
104 sec. 





